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ABSTRACT 

The transition from conventional rigid and battery-based electronics into flexible and self-

powered circuitry will pave the way toward future wearable technologies. Flexible electronics, 

when fabricated using low-cost materials and mass production technologies, will be able to 

augment the functionality of everyday items, enhancing the way humans interact with machines. 

Unfortunately, the manufacturing approaches commonly used to prototype and fabricate flexible 

electronics are often based on materials and processes appropriate for rigid electronics. Expanding 

the range of low-cost materials, scalable fabrication techniques, and lightweight and wireless 

powering strategies applicable to flexible electronics will be desirable to lower current 

manufacturing barriers. 

Paper, due to its low cost, biodegradability, and availability 1012 tons of cellulose are 

produced annually), has gained considerable attention as a substrate for the development of 

printable electronics. These paper-based devices are flexible and even foldable, facilitating their 

conformability to other objects, and their use in a variety of applications, from packaging to 

healthcare. Similarly, the ubiquitous use of textiles in daily life and the recent miniaturization of 

electronic systems fostered the development of a fast-growing interdisciplinary research field that 

aims to incorporate wearable electronics into garments. These electronic textiles—called "e-

textiles"—have demonstrated to serve as convenient platforms for personalized medicine and 

human-machine interfacing. 

Several energy harvesting and wireless power transfer approaches have been proposed as 

lightweight and flexible alternatives to power e-textiles and paper-based devices. Triboelectric 

nanogenerators (TENGs)—capable of converting user-device interaction into electrical outputs via 

contact electrification—have been explored as a battery-less strategy to power wearable devices. 

Wireless power transmission (WPT) using resonant inductive coupling has also demonstrated to 

be a promising strategy to continuously power e-textiles in closed environments without 

significantly increasing their rigidity or weight. 

This PhD dissertation focuses on the development of new cost-effective and scalable 

methods to design and manufacture self-powered paper-based electronics and to transform 

conventional fabrics into e-textiles. The resulting low-cost flexible electronics and wearables are 
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lightweight, insensitive to moisture, and compatible with large-scale production processes, serving 

as a foundation for the future development and commercialization of smart garments and paper-

based electronics devices that do not depend on batteries for their use. 
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 INTRODUCTION 

1.1 Motivation 

Paper-based electronics benefits from their mechanically flexible nature, low-cost, and 

environmental friendliness to enable the creation of low-power, lightweight and multifunctional 

electronics. Ideally, these paper-based electronics can be rapidly fabricated by simple ubiquitous 

printing processes and used as a platform to expand the development of the internet of things (IoT). 

Unfortunately, the widespread use of printed paper-based electronics is limited by the hygroscopic 

nature of cellulose paper and the tendency of paper to absorb solvents, which induces the wicking 

of inks through its thickness, reducing the lateral resolution of the printing process and causing the 

short-circuit of electrical connections when printed on both sides of the paper. To expand the use 

of paper-based printed electronics, there is a need for the development of cost-effective methods 

to fabricate insensitive to environmental moisture electronics without affecting both the 

mechanical and electrical performance of these printed paper-based electronics. 

 Smart textiles, similarly, due to their mechanically flexible nature, low-cost, and ubiquitous 

presence in daily lives, enable the creation of novel wearable technologies such as human-machine 

interfaces1,2 and multifunctional wearable sensors3,4. Expanding the functionality of this smart 

garments while maintaining their look, feel, safety, and washability are currently active fronts of 

research at the academia and industry levels.5 The approaches for fabricating these smart textiles, 

however, are mostly dependent on complex and manual processes that are not compatible with 

current textile industry technologies. The development of scalable manufacturing processes to 

create e-textiles using low-cost materials would lead to the ubiquitous expansion of this technology. 

The range of applications of flexible paper-based electronics and smart textiles is hindered 

by their dependence on conventional and uncomfortable batteries. While several electrochemical 

and lithium-based approaches have been proposed to fabricate rechargeable paper-based or 

wearable batteries capable of effectively power low-cost electronic devices 6,7, the materials 

required are often costly and environmentally harmful 8. Additionally, the active components of 

these batteries require proper encapsulation 8 to avoid moisture-induced short-circuits and to 

prevent the decrease in performance caused by their rapid degradation when exposed to air when 

made of paper. The thickness of this encapsulation often compromises the flexibility, foldability 
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and practical usage of these batteries, hampering their applicability towards flexible paper-based 

electronics and smart textiles 9. Thus, the practical adoption of these technologies would benefit 

from new cost-effective solutions to power flexible electronics without compromising their 

bendability and large-scale fabrication capabilities. 

1.2 Structure of the document 

My PhD dissertation is organized as follows: Chapter 1 introduces the research, describes its 

significance, and provides the reader with a literature review on the design, fabrication, and 

powering of paper-based electronics and smart textiles. Chapter 2 describes the development of 

self-powered and moisture-insensitive paper-based electronic devices. Chapters 3 describe the 

manufacturing of washable and self-powered smart garment and 4 describes a sewing process to 

create e-textiles that can be wirelessly powered using wireless power transfer. Finally, Chapter 5 

summarizes the conclusions and future applications of the work developed in this dissertation. 

1.3 Background and Literature Review 

1.3.1 Paper Electronics 

The great development of printable electronics in the recent years has demonstrated a cost-

effective alternative path for the fabrication of electronics,10,11 sensors,12,13 and microfluidic 

devices14–16 using paper, PDMS, and other polymers as a substrate.17,18 Paper-based electronics—

electronics using cellulose paper as a substrate—have raised as an excellent candidate to fabricate 

green and low-cost user interfaces and devices that can be easily disposed with a minimal 

generation of solid byproducts 18,19. The low weight and thickness of these paper-based devices 

make them flexible and even foldable, facilitating their conformability to other objects 20,21, and 

their use as smart packaging 22,23. Unfortunately, the hygroscopic nature of cellulose paper 

promotes the rapid degradation of both the mechanical and electrical performance of paper-based 

electronics in environments with high relative humidity 24. Moreover, the tendency of paper to 

absorb solvents induces the wicking of inks through its thickness, reducing the lateral resolution 

of the printing process and causing the short-circuit of electrical connections when printed on both 

sides of the paper. While several electrochemical and lithium-based approaches have been 

proposed to fabricate rechargeable paper-based batteries capable of effectively power low-cost 
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electronic devices 6,7, the materials required are often costly and environmentally harmful. 

Additionally, the active components of these paper-based batteries require proper encapsulation to 

avoid moisture-induced short-circuits and to prevent the decrease in performance caused by their 

rapid degradation when exposed to air. The thickness of this encapsulation often compromises the 

flexibility and foldability of these paper-based batteries, hampering their applicability 9. The 

development of new scalable and low-cost methods to fabricate self-powered paper-based 

electronics insensitive to environmental moisture would therefore be desirable to promote the 

commercialization and ubiquitous adoption of paper-based human-machine interfaces. 

1.3.2 Smart Textiles 

The ubiquity of textiles in daily life and the recent miniaturization of electronic systems using 

flexible substrates have led to a fast-growing and advanced interdisciplinary research field that 

aims to incorporate wearable devices into electronic textiles called “e-textiles” 25–27. E-textiles 

have demonstrated to serve as convenient platforms for human-machine interfacing 1,2, the 

embedding of wearable sensors 3,4, and the development of conformable robotic sensory skin 28. 

While e-textiles are commonly powered using conventional rechargeable batteries, their weight 

and rigidity often compromise the bendability and stretchability of the textile, reducing the comfort 

of the user. To circumvent this limitation, several researchers have demonstrated the fabrication 

of flexible, fiber-shaped batteries such as coaxial or twinned yarn-like Li‐ion 29 and Zn‐ion 30 

rechargeable batteries equipped with bendable carbon or metal-based anodes. Unfortunately, these 

fiber-shaped batteries require to be encapsulated to prevent the evaporation and leakage of their 

liquid electrolytes, incrementing their radius and making them difficult to interface with 

conventional sewing equipment 8. Simple and scalable methods to transform conventional 

garments or textiles into comfortable, washable, and battery-independent e-textiles would be 

desirable to enable the expansion of a new generation of wearable devices and human-machine 

interfaces. 

1.3.3 Challenges in Powering Printable Electronics and Smart Textiles 

The recent miniaturization of electronic systems into wearable devices and IoT (Internet of Things) 

have increased the amount of devices embedded in printable electronics and smart textiles, 
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augmenting their energy consumption and making this technologies highly dependent on the 

development of lightweight rechargeable batteries as a sustainable power source.31–33 Several 

methods have been explored to print flexible batteries to power printable electronics. However, 

these batteries are often expensive and require complex manufacturing processes.3 Similarly, the 

use of batteries to power e-textiles is often perceive as uncomfortable by the user and require 

frequent re-charging, limiting the usage time and the adoption of this emerging technology.34 To 

address these energy problems, a variety of energy harvesting mechanisms have been proposed to 

continuously power paper electronics and e-textiles by converting the energy scavenged from the 

environment or the user into electric energy, or by creating mechanisms to provide power 

wirelessly by wireless power transfer.35–38 

1.3.4 Self-Powering Approaches for Printable Electronics and Smart Textiles 

Several flexible photovoltaic systems,39,40 photoactive materials,41 and fibrous perovskite solar 

cells42 have been proposed to use sunlight to power paper electronics and e-textiles.33,42 

Unfortunately, environmental limitations such as night-time, cloudy days, or dimly illuminated 

rooms significantly reduce power generation efficiency and continuity, frequently hampering 

e-textile and printed electronics applications. Thermoelectric effects have been exploited to 

continuously supply power to e-textiles by converting thermal gradients in the textile into electric 

energy.43–45 Similarly, flexible pyroelectric generators have exploited the pyroelectric effect to 

harvest energy from temperature fluctuations due to thermal diffusion.46,47 At the typical 

temperature gradients generated between the human body and the environment, thermoelectric 

generators have demonstrated a better performance powering e-textiles than pyroelectric 

materials.27 The difficulty to obtain flexible and high-performance thermoelectric materials, 

however, has led to the fabrication of thermoelectric generators consisting of a large number of 

thermoelectric units connected in series or parallel, compromising the flexibility and comfort of 

the e-textile.48 

The conversion of the biomechanical energy—generated during the natural motion of the 

wearer or the interaction of the user with the electronics—into electrical energy has attracted 

increasing attention as a strategy to power e-textiles and other electronics carried by the user.15,49–

51 Exploiting the piezoelectric effect, several piezoelectric materials (such as safe and stable ZnO 
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nanowires or polyvinylidene difluoride, PVDF, fibers) have been layered or directly grown onto 

conductive electrodes to fabricate piezoelectric generators.2,52,53 The high-output voltage 

performance of flexible piezoelectric generators has enabled their use not only to power 

wearable52,54 and implantable55,56 devices, but also as self-powered biosensors to monitor 

respiration57,58 and arterial pulse.58,59 Unfortunately, piezoelectric generators often require 

complex fabrication processes that are not favorable for continuous production.2,47,54 Additionally, 

the prolonged exposure of piezoelectric materials and metal wire electrodes to moisture can 

deteriorate the performance of the piezoelectric generators,47 limiting their practical utility in 

e-textile and paper electronics applications.  

Flexible and lightweight wireless power systems have emerged as an ideal battery-free 

strategy to power e-textiles 60,61. Radio frequency identification (RFID) antennas have been 

extensively attached to consumable products 62,63, textiles 64, and even human skin as a cost-

effective approach for the real-time collection of wireless measurements 65. The relatively low 

distance range of operation of RFID technology, however, has limited its applicability to 

continuously powering wearables and e-textiles. Additionally, the laminating materials often 

required to protect RFID antennas and circuits from oxidation hamper the breathability of these 

sensors 64. 

1.3.5 Triboelectric Nanogenerators as Power-sources for Printable Electronics and Smart 

Textiles 

Exploiting the triboelectric effect, triboelectric nanogenerators (TENGs) are capable of converting 

mechanical energy into electrical energy using triboelectrification and electrostatic induction.31,66 

TENGs have been used as energy harvesters,66–68 self-powered sensors,17,66,69,70 and power sources 

for low-power electronics and wearable devices.3,49,71 When compared with other energy 

harvesting devices, TENGs offer several advantages, such as high efficiency, large output power, 

low cost, excellent reliability, and the compatibility with a wide range of materials and simple 

fabrication processes.18,72,73 TENGs with multilayered electrodes demonstrated to effectively 

provide steady and high output power to paper electronics and to the smart garments to which they 

are attached.74–76 Unfortunately, the non-porous film materials commonly used to fabricate 

multilayered TENGs and the elastomeric encapsulation typically used to protect them from 

environmental moisture often limit the breathability of the textiles.3,77 Additionally, the high output 
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voltage produced by multilayered TENGs is frequently achieved by nanotexturizing the 

triboelectric interface where contact electrification occurs, which significantly increases the 

complexity and production costs of these paper-based or e-textiles TENGs.78 

Previous examples of TENGs using paper and other porous materials have been proposed 

to power low-power electronics,79–81 however, the tendency of paper to absorb solvents limits its 

usage for powering portable paper-based electronic devices in which humidity have deleterious 

effect on the mechanical and electrical properties. Moreover, the hygroscopic nature of the paper 

makes conductive inks to wick through the paper during the printing process, impeding isolated 

electrical connections to be printed on both sides of the paper. For textiles, other researches 

explored entwining fibers of opposite triboelectric polarities to enable the fabrication of flexible 

textile-based TENGs with high air permeability but limited stretchability.31 Recently, coaxial 

fiber-shaped TENGs—comprising an electropositive core fiber, conducting nanomaterials, and a 

highly electronegative coating layer—have demonstrated higher stability under continuous 

bending and stretching than entwined or two-fiber twisted TENGs.31,82,83 Unfortunately, due to the 

hygroscopic nature of many textiles, environmental moisture and the sweat of the wearer promote 

bacterial proliferation84 and compromise the electrical output of textile-based TENGs.85 The 

mechanical damage caused by repetitive usage and washing also exacerbates the efficiency of 

fiber-based TENGs.86 Furthermore, the radius of the yarns often utilized in textile-based TENGs 

are greater than the ones used in traditional embroidery, therefore making them difficult to 

manufacture using industrial embroidery systems.83 

1.3.6 Wirelessly Powering Strategies for Smart Textiles 

RFID antennas power a variety of sensor attached to textiles and other consumable products 62,64. 

Unfortunately, due to their low distance of operation, this technology finds challenging the 

continuous powering of e-textiles, particularly when the wearer is moving. Wireless power 

transmission (WPT) using resonant inductive coupling has demonstrated to be a promising strategy 

to continuously power e-textiles without significantly increasing their rigidity or weight 87,88. To 

maximize WPT efficiency, the coils embedded into e-textiles require to both exhibit low ohmic 

losses and match the impedance of the external resonant coil 89,90. Several nanomaterial-based inks 

with high electrical conductivity have been used to rapidly pattern—via inkjet 91,92 or screen 
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printing 93,94—WPT 2D coils over the surface of different e-textiles. While these conductive inks 

exhibit a high degree of flexibility and adhesion to the surface of fibrous textiles, the prolonged 

exposure of e-textiles to mechanical strains from wearer use often cause ink cracking and 

delamination, compromising WPT performance 95. Silk fibroin protein, due to its biocompatibility, 

low-cost, and high mechanical strength and toughness, has served as support and reinforcement 

for conductive nanomaterials in a variety of stretchable wearable sensors 96,97, biodegradable 

thread-like conductors 98, and transient implantable electronics 99,100. Unfortunately, the 

degradation of silk fibroin composites after prolonged contact with water has limited their 

application in washable e-textiles.101 To benefit from the intrinsic flexibility and stretchability of 

textiles, a variety of thread-based WPT coils incorporating highly conductive metallic filaments 

have been directly knitted 102, embroidered 103, or sewn 104,105 onto e-textiles. Unfortunately, the 

hygroscopic behavior of most textiles and garments makes the metallic components of these 

thread-based coils susceptible to moisture-induced corrosion in humid environments, upon contact 

with the sweat of the user, or during washing cycles 104. A rapid, cost-effective, and scalable 

process to transform conventional fabrics into e-textiles would therefore be desirable to accelerate 

the development and commercialization of smart garments that do not depend on batteries for their 

power and are robust enough to be washed with everyday laundry.  

Along this thesis, I will describe scalable fabrication strategies for the development of self-

powered and moisture-insensitive paper-based electronic devices, and then apply those strategies 

to the manufacturing of washable and self-powered smart garments, exploiting WPT using sewn 

coils as an efficient strategy to power e-textiles. 
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 MOISTURE-INSENSITIVE, SELF-POWERED PAPER-BASED 

FLEXIBLE ELECTRONICS 

Copyright 2020 Elsevier. Used with permission from Ref.106 

 

Motivation and rationale: The fabrication of multifunctional electronic devices on ubiquitous 

paper substrates is gaining considerable attention due to their low cost, environmental friendliness, 

light weight, and flexibility. Unfortunately, the development of paper-based electronics is subject 

to significant challenges, such as rapid degradation with moisture, battery dependence, and limited 

compatibility with existing mass production technologies. This work describes omniphobic, self-

powered paper-based electronics (RF-SPEs), completely wireless paper-based electronic devices 

insensitive to moisture, liquid stains, and dust. RF-SPEs can be rapidly fabricated through the 

sequential spray-deposition of alkylated organosilanes, conductive nanoparticles, 

polytetrafluoroethylene (strong electron affinity), and ethyl cellulose (weak electron affinity) over 

the surface of cellulose paper. RF-SPEs are lightweight, inexpensive to print (<$0.25 per device), 

and capable of generating power densities up to 300 µW/cm2. Additionally, RF-SPEs are flexible 

and exhibit excellent stability upon folding (0.3 mm radius of curvature). The simple printing 

process and relative low cost of RF-SPEs enable the large-scale production of self-powered paper-

based electronics towards the ubiquitous integration of human-machine interfaces. 

2.1 Introduction 

Several approaches have been proposed to mitigate the battery dependence of paper-based 

electronics. Paper-based solar cells built by combining transparent cellulose nanofibrils with thin 

perovskite 23,107, dye-sensitized 108,109, or thin silicon films 110,111 have demonstrated to successfully 

power printed electronics using sunlight. Unfortunately, the use of paper-based solar cells in dimly 

illuminated rooms, at nighttime, or on cloudy days leads to inconsistent power generation, which 

compromises the efficient and continuous operation of portable electronics. Piezoelectric energy 

harvesters, capable of generating electricity during the mechanical stress induced by the user, have 

demonstrated to serve as an efficient power source for portable electronic devices 52,112,113. 

Particularly, biologically safe and stable piezoelectric materials such as ZnO nanorods or 
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polypropylene piezoelectrets have been deposited on paper to fabricate paper-based piezoelectric 

nanogenerators exhibiting superior charge scavenging performance and high thermal stability 114. 

The cost and complexity of the processes required to produce flexible films of piezoelectric 

nanomaterials, however, limit their application in low-cost paper-based electronics 115. 

Triboelectric nanogenerators (TENGs)—devices capable of converting mechanical energy from 

the user or the environment into electricity by coupling triboelectrification and electrostatic 

induction—have gained considerable interest as a potential self-powered alternative to operate 

wearable devices 116. Several paper-based TENGs have been proposed to harvest energy, 

efficiently and at a low cost, from a variety of sources, including human body motions 51,117, wind 

118, and acoustic waves 119,120. While the flexibility 121, and foldability 81 of paper-based TENGs 

makes them ideal to power flexible electronics and wearable devices, the fabrication methods used 

to make paper-based TENGs are often not suitable for large scale manufacturing 122. Additionally, 

the prolonged exposure of paper, piezoelectric materials, and printed electrodes to environmental 

moisture often degrade the performance of paper-based solar cells, piezoelectric generators, and 

TENGs, limiting their practical utility as power sources for portable and wearable electronics in 

settings with high relative humidity 3,77.  

Here, we propose a scalable and cost-effective fabrication method to create the first 

moisture-insensitive, self-powered, paper-based flexible electronics (RF-SPEs). RF-SPEs are easy 

to design and rapid to fabricate by the sequential spray-deposition of alkylated organosilanes, ethyl 

cellulose (EC), conductive nickel nanoparticles (NiNPs), and polytetrafluoroethylene (PTFE). We 

demonstrate that RF-SPEs are lightweight, foldable, and capable of powering other paper-mounted 

electronics using the electrostatic energy harvested from their interaction with the user. The 

omniphobic surface of RF-SPEs enables the rapid cleaning of these devices by simply wiping them 

with a paper towel or running them under a stream of water to remove solid residues. The high 

output power densities of the triboelectric areas in RF-SPEs enable single touch-based wireless 

data transmission, paving the way towards the use of RF-SPEs in a variety of low-cost, self-

powered human-machine interfaces. 
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2.2 Materials and Methods 

2.2.1 Fabrication of RF-SPEs 

We fabricated the RF-SPEs on the following commercially available paper substrates: Whatman 

#1, Whatman #50, Blot (all from GE Healthcare Inc.), and copy paper procured from Boise Inc. 

We placed these papers on top of a hot plate at 85 °C, inside a chemical hood, and silanized them 

by spraying, with an airbrush at a pressure of 1.5 to 2.0 psi,  a 5% v/v solution of alkylated silane 

in isopropanol, which evaporated from the surface of the paper in ~1 min. 

The following alkylated silanes were used in this study (all procured from Gelest Inc.  and 

used without further purification): 

i) tricholoromethylsilane (CH3SiCl3; “C1
H”), 

ii) trichlorodecylsilane (CH3(CH2)9SiCl3; “C10
H”), 

iii) Trichloro(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl)silane (CF3(CF2)5CH2-

CH2SiCl3; “C8
F”), 

iv) trichloro(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluorodecyl)silane 

(CF3(CF2)7CH2-CH2SiCl3; “C10
F”), 

v) trichloro(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12-

henicosafluorododecyl)silane (CF3(CF2)9CH2-CH2SiCl3; “C12
F”). 

 

We fabricated stencil masks by laser cutting transparency films (VWO100C-BE; Apollo 

Inc.) with a CO2 laser cutter (MT3050D; Morntech Inc.). We used the stencil masks to print the 

conductive layout of the RF-SPEs by spraying a ~10-µm-thick layer of PTFE (20% v/v solution of 

PTFE-N UV in N-Ethyl-2-Pyrrolidone, both from Molykote Inc.) and a ~10-µm-thick layer of 

NiNPs (7440-02-0; Sigma Aldrich Inc.). We incorporated triboelectric areas to power the RF-SPEs 

by sequentially spraying the conductive electrodes with a ~10-µm-thick layer of Ethyl cellulose 

(9004-57-3; Sigma Aldrich Inc.), a ~10-µm-thick layer of NiNPs, and applying a final coat with 

the silanizing solution. Waiting for 1 min between each spray deposition ensures the complete 

drying of the deposited layers. On the opposite side of the RF-SPE, we printed visual guidelines to 

facilitate human-interaction using a conventional inkjet printer (HP Deskjet 2540 series). We 

attached the electronic SMD components to the RF-SPE using electrically conductive epoxy 

(AA-DUCT 902; Atom Adhesives Inc.).  



 

 

26 

We used high-resolution SEM (scanning electron microscope) images of silanized paper 

to investigate potential changes in the structure of the cellulose fibers after spraying the papers 

with the silanizing solution of our choice (C12
F). We found no visible changes in structure when 

the paper is silanized at 85 °C in 1 min, which is the time required for the silane solution to dry 

(Figure 2.1 c–f). Multi-layer texturing of the paper substrate is expected, however, when the 

reaction is performed at higher temperatures (>95 °C) or for longer times (>30 min), due to the 

accumulation of small polymeric clusters over the surface of the cellulose fibers 123.  

 

 

Figure 2.1 Fibrous structure of paper substrates rendered omniphobic by 

silanization with C12
F.  a) Droplets of green-dyed water on top of a flexible 

RF-SPE keypad rendered omniphobic using the fluoroalkylated silane C12F. 

b) Apparent static contact angle of a 10µL water droplet on omniphobic 

Whatman #1 paper. c) High-resolution SEM images of C12F-silanized 

Whatman #1, Whatman #50 (d), Blot paper (e), and conventional copy paper 

(f)Charge separation and triboelectric performance of TENGs printed on RF-SPEs 
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The tribo-responsive areas in RF-SPEs owe their self-powered behavior to the paper-mounted 

triboelectric nanogenerators (TENGs) printed on the back of these devices (Figure 2.2). When the 

user gently compresses, bends, or rubs the surface of these TENGs, the pressure exerted over the 

silanized cellulose fibers induces their friction and the subsequent generation of negative charges, 

which are trapped by the PTFE layer 74. As shown in Figure 2.13, both the open-circuit voltages 

and short-circuit currents generated by RF‑SPEs increase with the length of the fluorosilane used 

in the functionalization, since the amount of negative charges trapped by the PTFE layer is 

proportional to the level fluorination of the organosilane. Figure 2.2b shows a RF-SPE displaying 

“Purdue” through the activation of 48 SMD LEDs when the user taps the surface of its triboelectric 

area. 
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Figure 2.2 RF-SPE displaying “Purdue” by powering 48 SMD LEDs with the triboelectric 

energy generated from human-interaction.  Note that changes in uniformity of LED intensity 

is due to the use of LEDs of 2 different colors.  a) Schematics of the charge generation process in 

the TENG printed on the back of a RF-SPE. b) Top: snapshot of the RF-SPE while tapped by the 

user. Bottom: top-view schematics of the RF-SPE, showing the layout of the paper-mounted 

LEDs at the bottom of the sheet of paper serving as a substrate for this device. E1 and E2 

correspond to the top and bottom electrodes of the triboelectric generator powering this RF-SPE, 

respectively. 

 

The electrical output characteristics of the triboelectric areas of the RF-SPEs were collected 

using a mixed signal Infinii Vision MSO-X-3104T oscilloscope (Keysight Technologies) at a rate 

of 3×105 samples per second. The electrical measurements consisted of open-circuit voltage, 

short-circuit current, and the output voltage and current across different applied loads (Figure 2.12, 
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Figure 2.13). Figure 2.3 shows the open-circuit voltage peaks generated by RF-SPEs treated with 

fluorinated (C12
F) and non-fluorinated silanes (C1

H). 

 

 

Figure 2.3. Open-circuit voltage peaks generated by gently tapping the TENGs printed 

over the surface of RF-SPEs treated with a fluorinated silane (C12
F) and a non-fluorinated 

silane (C1
H). 

2.2.2 Characterization of wettability of different papers using fluorinated and 

non-fluorinated silanes 

To measure the static contact angle, we used a goniometer system (Krüss Drop Shape Analyzer 

DSA25) at room temperature (20–25 °C). The volume of the droplets used in the measurement 

was ~10 μL to avoid gravity effects. Ten different droplets were used for each measurement, the 

average of those measurements was reported as the result, and the error bars correspond to the 

standard deviation of ten samples (Figure 2.13b). 

The preferred silane to render the RF-SPEs omniphobic was C12
F as the lateral resolution 

of printing is directly proportional to the static contact angle of the ink over the surface of the 

silanized paper 124. Since C12
F-silanized cellulose paper exhibits high contact angles (> 120°) 

against liquids with surface tensions greater than 27.05 mN/m, this functionalization prevents 

the smearing of the conductive NiNPs ink under the stencil mask and its wetting across the cross 

section of the paper (Figure 2.4, Figure 2.5). 
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Figure 2.4 S4. Images of NiNPs conductive electrodes spray-deposited through a stencil on 

C12
F-silanized and unmodified Whatman #1 paper substrate.  The inset in the left panel 

shows the 87µm lateral resolution achieved after spray-coating omniphobic paper with 

NiNPs/isopropanol cross a flexible stencil mask obtained by laser cutting transparency films. 

 

2.2.3 Rapid printing of flexible RF-SPE keypads 

The wireless flexible keypad reported in this manuscript has an overall area of ~124 cm2. The 

stencil mask used for its spray-printing and the dimensions of its electrodes and tribosensitive areas 

are depicted in Figure 2.5b demonstrates the high lateral resolution of the electrodes sprayed 

through a stencil mask when using C12
F-silanized cellulose paper as a substrate. We incorporated 

TENGs under each key of the flexible RF-SPE keypad capable of generating ~5V peaks per 

keystroke, which was enough to power the wireless module and transmitting the key value to the 

paired Bluetooth device (Figure 2.9). 
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Figure 2.5 Stencil mask and resulting conductive layout of the flexible RF-SPE keypad. a) 

Image and dimensions of stencil mask obtained by laser cutting transparency films with a 

CO2 laser cutter.  b) NiNPs conductive layout of the flexible keypad. The inset shows the high 

lateral resolution achieved by spray-printing on C12
F-silanized cellulose paper. 

 

2.2.4 Rectification of the triboelectric voltage and current peaks generated in RF-SPEs 

When the user presses a triboelectric area in the RF-SPE, the TENG generates a high (positive) 

voltage peaks (see Figure 2.6a). When the user releases the TENG, the system reacts with a change 

in polarity, which leads to the formation of a second (smaller) peak in the opposite direction. The 

same occurs during the formation of the current peaks (Figure 2.7). By attaching a diode bridge 
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rectifier to the electrodes of TENG, we are able to harvest these two peaks to power the electronics 

mounted on the RF-SPE (see Figure 2.6b, Figure 2.7b).  

 

 

 

Figure 2.6 Rectification of the open-circuit voltages generated by tapping a 6.25 cm2 

triboelectric area in a C12
F-treated RF-SPE.  Non-rectified open-circuit voltage peaks 

generated by pressing and releasing the TENG printed on the RF-SPE. b) Rectified open-circuit 

voltage peaks. 

 

 

Figure 2.7 Rectification of the short-circuit currents generated by tapping a 6.25 cm2 

triboelectric area in a C12
F-treated RF-SPE.  a) Non-rectified short-circuit current peaks 

generated by pressing and releasing the TENG printed on the RF-SPE. b) Rectified short-circuit 

current peaks.
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2.2.5 Analog signal acquisition and wireless signal processing  

We acquired the triboelectric voltage peaks generated during user interaction using a 

paper-mounted microcontroller (Bluefruit; Adafruit Inc.), which incorporates a rapid capacitive 

charging module and a low-power analog to digital converter with a quantization capacity of 8 bits. 

We specified minimum threshold voltages (~4.9V) for each tribosensitive area in RF-SPE to ensure 

that the microcontroller would not transmit analog voltages generated by the accidental bending 

of the device or by rubbing the device against its supporting wood table. 

2.2.6 Pressure sensitivity of the RF-SPE keypad  

Most flat-screen capacitive interfaces (cellphones, tablets…) operate upon contact; that is, no 

external pressure is needed, only physical contact with a material capable to locally discharge the 

capacitive surface of the interface. The keys of laptop keyboards and keypads, on the other hand, 

rely on reversibly bucking mechanisms that provide a force threshold that needs to be surpassed 

in order to register a keystroke. These force thresholds (8 to 13N)125 are necessary to avoid 

undesired accidental inputs. Similarly, RF-SPEs can be subject to accidental readouts due to the 

voltages generated by the friction the cellulose fibers when the device is bent or slide over a surface. 

To ensure that those unintended events are not identified as inputs from the user, we introduced a 

voltage threshold of 5V to the electronics in the RF-SPE keypad. This voltage threshold is the 

equivalent of imposing a force threshold of 1.2N. We performed all our experiments on the RF-

SPE keypad were performed applying a compression force of 3N, which is the equivalent of a 

pressure of 7.83kPa. 

We used a force meter to characterize the dependence of the VOC generated by the keys in 

the RF-SPE keypad shown in Figure 2.15 as a function of the applied compression force 126. Figure 

2.8 shows that the lowest compression force needed to input a keystroke on the RF-SPE keypad is 

1.2 N, which generates a voltage pulse greater than the threshold voltage (VOC=5V) required to 

transmits the input data to the paired device.
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Figure 2.8 Pressure sensitivity of the flexible RF-SPE keypad shown in Figure 2.15.  

Open-circuit voltage obtained while typing in the keypad with a compression force varying from 

1–10 N. 

 

 

 

Figure 2.9. Self-powered, paper-based, wireless RF-SPE keypad.  The ~5V peak generated by 

each keystroke is enough to activate the low-power wireless module and wirelessly transmit the 

key value to the paired laptop, which keyboard is disabled.
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2.2.7 Stability of RF-SPEs upon washing and drying. 

Figure 2.10 shows the stability upon washing and drying of the triboelectric output of the 0-9 keys 

of the RF-SPE keypad shown in Figure 2.15. Each cleaning cycle consisted on full water 

immersion for 20s, followed by drying upon contact with absorbent paper. 

 

 

Figure 2.10 Stability of the maximum open-circuit voltage and short-circuit current peaks 

generated by the 0-9 keys of RF-SPE keypad shown in Figure 2.15 after 50 cleaning cycles. 

2.2.8 Triboelectric areas in the RF-SPEs wireless music player 

Figure 2.11 shows the schematic diagram of the TENGs underneath the functional areas of the 

RF-SPE music player interface. The volume slider of this RF-SPE music player interface can 

recognize the location and motion of the fingers, distinguishing “drag to right” from “drag to left” 

since the area of the TENGs and their corresponding generated triboelectric voltages increase 

towards the right side of the RF-SPE. 
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Figure 2.11 Self-powered, paper-based, wireless RF-SPE music player interface.  Schematic 

diagram of the tribosensitive areas of the wireless RF-SPE music player interface. The inset 

shows the voltage peak generated when the user passes his fingers from the TENG in the volume 

slider with the lowest surface area. 

 

2.2.9 Fabrication costs 

We estimate the cost to print RF-SPE human-machine interfaces, without considering labor 

or capital expenses, to be less than $ 0.25 for the keypad and less than $ 0.22 for the volume 

controller. This cost does not include paper-mounted electronics, such as SMD LEDs (~$0.05 per 

piece), or the reusable microcontroller chip with Bluetooth connectivity (~$4.00). Additionally, 

the total cost itemized in   Table 1 and  Table 2, is based on costs of small quantities of material 

and reagents and could be subject to lower prices based on volume discounts. 
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Table 1. Itemized cost of the silanization and printing of wireless RF-SPE keypads. 

NiNPs spray coating $ 0.090 

PTFE spray coating $ 0.055 

Omniphobic spray coating $ 0.042 

EC spray $ 0.049 

W#1 Paper $ 0.004 

Total cost $ 0.24 

 

Table 2. Itemized cost of the silanization and printing of the wireless RF-SPE music player. 

NiNPs spray coating $ 0.079 

PTFE spray coating $ 0.049 

Omniphobic spray coating $ 0.040 

EC spray $ 0.047 

W#1 Paper $ 0.003 

Total cost $ 0.215 
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2.3 Results and Discussion 

2.3.1 Design and fabrication of RF-SPEs 

Figure 2.12a shows the fabrication process followed to fabricate RF-SPEs. First, we place a single 

layer of cellulose paper on a hot plate at 85 °C and rendered it omniphobic by spraying a 5%v/v 

solution of fluoroalkylated organosilane in isopropanol inside a chemical hood. After the paper is 

dry (1 min), we pattern triboelectric nanogenerators (TENGs) on the active areas of the device by 

sequentially spraying through a stencil mask a ~10-µm-thick layer of PTFE, ~10-µm-thick layer 

of NiNPs, ~10-µm-thick layer of EC, and a second ~10-µm-thick layer of NiNPs waiting for 1 min 

between each coating to ensure their complete drying. A final coating with the organosilane 

solution rendered omniphobic the surface of these tribo-responsive areas (Figure 2.12avi). After 

the stencil mask is removed, a design to facilitate user interaction is printed on the opposite side 

of the paper using a conventional inkjet printer (Figure 2.12b). The paper substrate used to 

fabricate RF-SPEs maintains, even after the silanization process, its original fibrous structure 

Figure 2.1) 127,128, gas permeability 14, and mechanical properties 129, exhibiting an apparent 

contact angle with water of 2H O

app 158   (see Figure 2.12c, left).  

When the user touches any of the TENGs printed on the RF-SPE, the shear between the 

omniphobic cellulose fibers and their PTFE coating across the thickness of the paper leads to the 

generation of triboelectric voltage peaks with a magnitude proportional to the difference between 

the work functions of EC and the silane/PTFE layers (Figure 2.2) and the thickness of the paper 

(Figure 2.13c) 130. The top and bottom NiNP-electrodes of the TENGs transfer these voltage peaks 

to the electronics mounted on the RF-SPE. The charge generated by each keystroke is enough to 

power the LED mounted on the back of each key (Figure 2.12c).



 

 

39 

 

Figure 2.12 Process to fabricate RF-SPEs on a single sheet of paper.  Schematics of the 

fabrication process used to transform regular cellulose paper into an RF-SPE keypad: i) the sheet 

of paper is rendered omniphobic by spraying a fluoroalkylated solution over its surface. After 1 

min at 85ºC, the paper is dry and omniphobic, which facilitates the patterning of a TENG by 

sequentially spraying layers of PTFE (ii), NiNPs (iii), EC (iv), NiNPs (v), and C12
F (vi) through a 

stencil mask, waiting 1 min between coatings to ensure their complete drying; vii) after the 

stencil mask is removed, visual cues are printed on the opposite side of the paper with a 

conventional inkjet printer. b) Schematics of the cross section of the ~1 cm2 paper-based TENG 

under each of the keys of the RF-SPE keypad. c) SEM images of the silanized cellulose fibers of 

this RF-SPE keypad, which remains permeable to gases and exhibits a contact angle with water 

of 2H O

app 158   . The SMD LEDs attached under each key of the RF-SPE keypad illuminate with 

the charge generated by each keystroke.”
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2.3.2 Resistance to Fold Damage 

The NiNP ink used to print the conductive electrodes of RF-SPEs (Figure 2.12aiii) exhibits a strong 

adhesion to the silanized cellulose fibers of the paper substrate, allowing RF-SPEs to be repeatedly 

folded without significantly degrading the electrical performance of the printed electrodes (Figure 

2.13a). We analyzed the electrical performance of a 10-cm-long, 500-µm-thick, printed NiNP 

interconnect after 500 folding cycles, each cycle consisting of two perpendicular folds, and 

obtained relative changes in resistance (ΔR/R0) below 2%. We attribute the resilience of RF-SPEs 

to fold damage be due to both the great conformability of NiNPs inks18 and the choice of the 

solvent used to facilitate the spray-based deposition of this ink: isopropanol, which exhibits a 

surface tension of only 21.7 mN/m and readily spreads over the surface of silanized paper. The 

principles of origami can therefore be applied to RF-SPEs in order to augment the functionality 

and usability of these paper-based devices (see floating origami boat in Figure 2.13a). 

2.3.3 Dependence of the triboelectric performance on the type of paper and silane used to 

fabricate the RF-SPEs 

Figure 2.13b, c describe the dependence of the wetting and triboelectric performance of RF-SPEs 

on the type of silane used during their fabrication. We chose two non-fluorinated (“C1
H”, “C10

H”) 

and three fluorinated (“C8
F”, “C10

F”, “C12
F”) organosilanes with different chain-lengths for this 

study, all commercially available. We used four types of paper with different profile root mean 

square (RMS) roughness values (copy paper (2.0 ± 0.5μm) , Whatman #50 (3.3 ± 0.8μm) , 

Whatman #1 (6.4 ± 1.2μm) , and Blot (9.6 ± 1.6μm)  as substrates for the fabrication of RF-SPEs. 

Figure 2.13b shows that non-fluorinated silanes generate RF-SPEs capable to repel fluids with 

surface tensions greater than 54 mN/m, such as water. These hydrophobic RF-SPEs, however, 

cannot repel most oils (surface tension <35 mN/m), which readily wick through their surface 129. 

On the other hand, RF-SPEs silanized with fluorinated silanes are omniphobic: repellent to aqueous, 

organic, and inorganic solutions with surface tensions as low as 27.05 mN/m 131. The apparent 

static contact angle of water ( 2H O

app ) on the surface of silanized RF-SPEs ranges from 130°–165°, 

increasing with the roughness of the paper (Figure 2.13b). The experimental variability induced 

by the fibrous structure of the paper, however, impedes the clear observation of a monotonic 

increase of the apparent static contact angle of water with the length of the silane 129. Figure 2.13c 
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shows how the open-circuit voltages and short-circuit currents generated by RF-SPEs increase 

proportionally with the length of the fluorosilane due to the enhancement of the electron a ffinity 

of the negative triboelectric electrodes of the RF- SPEs (Figure 2.3) 132. Additionally, the power 

output of RF-SPEs is proportional to the thickness of the paper, since the shear between the 

omniphobic cellulose fibers and their PTFE coating across the thickness of the paper is responsible 

for the generation of triboelectric charges. These RF-SPEs exhibit power densities over 

250 µW/cm2 when an impedance matching load of 1.5MΩ is applied to the ends of their tribo-

responsive areas. C12
F, the fluorinated silane with the longest chain we could find commercially 

available, maximizes both the power density and the omniphobic behavior of the RF-SPEs. 

Additionally, C12
F prevents the smear of the sprayed conductive ink under the stencil mask, 

enabling the printing of conductive electrodes on the RF-SPEs with a lateral resolution of ~87µm 

(Figure 2.4, Figure 2.5) 124. 
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Figure 2.13 Foldability and silane dependence of the triboelectric performance of RF-SPEs. 

a) Top: RF-SPE origami boat using contact with the user to illuminate a paper-mounted LED. 

The printed circuit of this RF-SPE is folded 10 times (radius of curvature ~0.3 mm). Bottom: 

Relative change in resistance experienced by a printed 10-cm-long 500-µm-thick electrical 

contact joining two electrodes (E1 and E2) after 500 folding cycles, each cycle consisting of two 

perpendicular folds. b) Apparent static contact angle of water (10µL drops) on the surface of the 

RF-SPE. The error bars correspond to the standard deviation of 10 samples. c) Dependence of the 

open-circuit voltage, rectified short-circuit current, and output power density on the type of paper 

and silane used to fabricate RF-SPEs with a 6.25cm2 tribo-responsive area. 

2.3.4 Conversion of Mechanical Energy into Electric Energy using C12
F-treated RF-SPEs 

Figure 2.14 shows the electrical output characteristics of a RF-SPE with a triboelectric zone of 

6.25 cm2. This RF-SPE has been fabricated using C12
F-treated Whatman #1, the combination of 

paper and silane that optimizes flexibility and power output (Figure 2.13c). When the user gently 

taps the surface of these paper-based devices an open-circuit voltage of ~165 V is generated 

(Figure 2.14a and Figure 2.6). By connecting the electrodes of the triboelectric areas to a diode 

bridge rectifier, short-circuit current peaks of ~60 µA were produced and easily stored in a 2 mF 

capacitor (Figure 2.14b and Figure 2.7). We characterized the electrical output performance of 

the triboelectric areas of the RF-SPEs by connecting different loads to the diode bridge rectified 
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attached to the electrode of the paper-based triboelectric generators (Figure 2.14c). C12
F-treated 

RF-SPEs fabricated with Whatman #1 paper can produce current densities up to ~10 µA/cm2, when 

paired with small loads, and output power densities up to 300 µW/cm2 (Figure 2.14d, e). The 

output power and current densities of these RF-SPEs are comparable to those of previously reported 

TENGs relying on multiple nanotexturized electrodes complex and costly to manufacture 130,133. 
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Figure 2.14 Production and storage of electric energy in C12
F-treated RF-SPEs. 

a) Open-circuit voltage peaks generated by gently tapping with two fingers a 6.25 cm2 paper-

based TENG printed on the RF-SPE. b) Rectified short-circuit current peaks generated by tapping 

the paper-based TENG. c) Dependence of the rectified open-circuit voltage and the short-circuit 

current outputs on the coupling load applied to the RF-SPE. d) Dependence of the current density 

on the load applied to the RF-SPE. e) Output power density as a function of the load connected to 

the RF-SPE. f) Rectified voltage output stored in a 2 mF capacitor when tapping/typing on a 1 

cm2 TENG.
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2.3.5 RF-SPEs as human-machine interfaces—flexible keypad 

Figure 2.15a shows a flexible RF-SPE keypad that can be wirelessly paired with laptops, tablets, 

or desktop computers via Bluetooth. Users can type with this RF-SPE keypad by gently pressing 

any of the keys (pressure sensitivity < 8 kPa/key, Figure 2.8) 126. The TENGs under each key of 

the keypad generate a voltage peak (~5 V; Figure 2.9) after each keystroke capable of transmitting 

the key value to the paired device (Figure 2.15b) 

The omniphobic surface of RF-SPE devices renders them insensitive to accidental liquid spills 

with surface tensions as low as 27.05 mN/m (hexadecane) or the accumulation of dust. Liquid 

droplets formed over the surface of the RF-SPE can be easily removed by shaking the device or 

covering it with a piece of absorbent paper (Figure 2.15c, d). Dust and solid residues (particle size 

> 20µm) accumulated on the surface of RF-SPE devices can be rapidly removed under a stream of 

running water (Figure 2.15e). After more than 50 cleaning cycles by water immersion for 20s and 

drying by contact with absorbent paper, the omniphobicity and the self-powered pressure-to-text 

conversion capabilities of the RF-SPE keypad in Figure 2.15 remained unaffected, demonstrating 

the reliability of these paper-based wireless electronic devices (Figure 2.10).
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Figure 2.15 Flexible and wireless RF-SPE keypad.  a) Flexible RF-SPE keypad fabricated on a 

single sheet of paper and integrating a SSHI and a low-power wireless module. b) Snapshots 

demonstrating the self-powered wireless communication between the RF-SPE keypad and a 

laptop with the keyboard disabled. The omniphobic behavior of RF-SPEs provides this keypad 

stain repellency to dyed water (c), hexadecane (d), and dust (e). Stained RF-SPEs can be easily 

cleaned by wiping them with a paper towel (for liquid stains) or by placing them under a stream 

of running water (to remove solid residues).
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2.3.6 RF-SPEs as human-machine interfaces—wireless music player 

Figure 2.16 shows a flexible RF-SPE music player interface that can be wirelessly paired with 

any Bluetooth compatible music player. This paper-based human-machine interface comprises 

several touch-responsive areas and a slider capable of recognizing the gestures “drag to left” and 

“drag to right”. Upon user interaction, the TENGs under the responsive areas of the RF-SPE music 

player interface (identified with symbols printed on the paper) generate electric voltage peaks of 

5V (Figure 2.11). These voltage peaks power the low energy Bluetooth chip integrated on this 

paper-based device and trigger the wireless transmission of the following signals to the music 

player: “play song”, “move to previous”, “next song”, “stop song” (when the “move to previous” 

and “next song” responsive areas are pressed at the same time), and “mute song” (Figure 2.16b,c). 

The gesture recognition on the slider of this RF-SPE music player interface is capable of 

recognizing the location and direction of motion of the fingers of the user thanks to the gradient in 

area of the TENGs printed under its surface. This self-powered, paper-based volume controller 

exhibits a delay response of ~120ms, which enables the monotonic increase and decrease of the 

volume of the playing song according to the user preferences (Figure 2.16d).
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Figure 2.16 Wireless RF-SPE music player interface.    a) Schematic diagram of the 

triboelectric areas of the wireless RF-SPE music player interface. b) Gently tapping the “next 

song” button (event marked with a yellow star) changes the music being played. c) Gently 

tapping the “mute” button turns the volume to zero. d) Gesture recognition is demonstrated as 

dragging two fingers from left to right of the volume controller gradually increases the volume of 

the playing song with a delay response of ~120ms. The sound spectrum illustrates the monotonic 

volume change. Similarly, moving the fingers from right to left gradually decreases the music 

volume.
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2.4 Conclusions 

In summary, this work demonstrates a versatile, cost-effective, and scalable method to fabricate 

moisture-insensitive and self-powered paper-based electronics devices (RF-SPEs) that can be used 

as flexible and wireless human-machine interfaces. RF-SPEs are simple to design and rapid to print, 

at a low cost (<$0.25 per device), by simply exposing any cellulose-based paper to the sequential 

spray-deposition of fluoroalkylated organosilanes, PTFE, EC, and conductive NiNPs. The 

resulting RF-SPEs are lightweight, flexible, and even foldable. The omniphobic behavior of 

RF-SPEs confers these paper-based electronics with remarkable water, oil, and dust repellency. 

This omniphobicity preserves the mechanical properties of the cellulose paper substrate upon 

contact with aqueous solutions and organic liquids with surface tensions as low as 27.05 mN/m 

and prevents the corrosion of printed electrodes and the electronic components mounted on their 

surface. RF-SPEs harvest electrostatic energy from the user during user interaction, generating 

power densities up to 300 µW/cm2, which enables their use as wireless and battery-free human-

machine interfaces. The need of a physical separation between neighboring triboelectric areas to 

prevent current leakage, impedes continuous 2D tactile sensing over a surface with high resolution. 

However, after simple customization, RF-SPEs are capable of recreating the key-based and drag-

based controllers most commonly found in human machine interfaces. We envision that the 

simplicity, low material cost, and compatibility with large-scale manufacturing processes of the 

proposed fabrication method to create RF-SPEs will pave the way towards the cost-effective 

fabrication of self-powered paper-based electronics and the ubiquitous integration of human-

machine interfaces. 
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 WATERPROOF, BREATHABLE, AND ANTIBACTERIAL 

SELF-POWERED E-TEXTILES BASED ON OMNIPHOBIC 

TRIBOELECTRIC NANOGENERATORS 

Copyright 2019 Wiley. Used with permission from Ref.134 

 

Motivation and rationale: Multifunctional electronic textiles (e-textiles) incorporating 

miniaturized electronic devices will pave the way toward a new generation of wearable devices 

and human-machine interfaces. Unfortunately, the development of e-textiles is subject to critical 

challenges, such as battery dependence, breathability, satisfactory washability, and compatibility 

with mass production techniques. This work describes a simple and cost-effective method to 

transform conventional garments and textiles into waterproof, breathable, and antibacterial e-

textiles for self-powered human-machine interfacing. Combining embroidery with the spray-based 

deposition of fluoroalkylated organosilanes and highly networked nanoflakes, omniphobic 

triboelectric nanogenerators (RF-TENGs) can be incorporated into any fiber-based textile to power 

wearable devices using energy harvested from human motion. RF-TENGs are thin, flexible, 

breathable (air permeability 90.5 mm/s), inexpensive to fabricate (<0.04$/cm2), and capable of 

producing a high power density (600 µW/cm2). E-textiles based on RF-TENGs repel water, stains, 

and bacterial growth, and show excellent stability under mechanical deformations and remarkable 

washing durability under standard machine-washing tests. Moreover, e-textiles based on 

RF-TENGs are compatible with large-scale production processes and exhibit high sensitivity to 

touch, enabling the cost-effective manufacturing of wearable human-machine interfaces. 

3.1 Introduction 

Here we present a scalable method to transform any conventional garment or textile into a self-

powered e-textile capable of harvesting electrostatic energy from a variety of human body motions 

to power wearable electronic devices. We created omniphobic (both hydrophobic and oleophobic) 

triboelectric nanogenerators (RF-TENGs) over the surface of a variety of textiles and garments by 

combining embroidery with the spray-deposition of conductive nanoflakes, 

polytetrafluoroethylene (PTFE), and fluoroalkylated organosilanes. We demonstrate that 

self-powered e-textiles based on RF-TENGs are flexible, stretchable, breathable, and effectively 
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repel water, stains, and bacterial proliferation. We also demonstrate that the power output of these 

e-textiles remains stable after repeated mechanical deformations and standard machine-washing 

tests. Furthermore, we expect the high touch sensitivity of RF-TENGs and their compatibility with 

large-scale production processes to enable the cost-effective fabrication of robust e-textiles for 

emerging human-machine interface applications. 

3.2 Materials and Methods 

3.2.1 Fabrication of the RF-TENGs 

The triboelectric nanogenerator is a wearable two-part structure (bottom and top electrodes) 

made of RF-fabric, PTFE, and AgNFs. For the top electrode, we rendered the textile omniphobic 

by spraying a 4.76% v/v solution of a fluorinated organosilane, 

trichloro(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12-henicosafluorododecyl)silane 

(CF3(CF2)9CH2-CH2SiCl3; “C12
F”) in isopropanol inside a chemical hood. We then sprayed a   

5 wt.% suspension of Ag nano-flakes (AgNFs) in toluene over the fabric through a laser cut 

Teflon stencil mask and let it dry in a desiccator at 36 Torr for 20 min. The omniphobic fabric 

patterned with the AgNF electrode is then embroidered with an omniphobic shape-matching 

design (Figure 3.9a). This completes the fabrication of the top electrode of the RF-TENG. We 

fabricated the bottom electrode of the RF-TENG by rendering the surface of a stretchable textile 

(spandex) omniphobic and spraying AgNFs over its silanized fibers. After the suspension of 

AgNFs dried, we encapsulated the nano-flakes by spraying an ~8µm-thick layer of PTFE 

(20% v/v solution of PTFE-N UV in N-Ethyl-2-Pyrrolidone, both from Molykote Inc.) and 

curing it at room temperature for 2 h. The top and bottom electrodes of the RF-TENG are 

assembled by sewing them together along the contour of the embroidered design. The surface 

area of the RF-TENG used for the measurements shown in Figure 3.11 of the main manuscript 

is ~6.25 cm2. 

We used a commercial embroidery machine (EverSewn Hero; EverSewn Inc.) with a 

USB port to import any customized embroidery design with different sizes up to 110 × 170 mm. 

The cat design shown in Figure 3.1 has an area of ~6.25 cm2 and is the device used to 

characterize the electrical output of RF-TENGs (Figure 3.11). The embroidery process is 

automatic: the user only needs to change the color of the thread whenever advised by the machine.  
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Figure 3.1 Embroidery process steps for the top layer of the RF-TENG.  Droplets of 

conductive paint are used as a glue to fix the LEDs. LEDs light up on tapping the RF-TENG 

fabricated. 
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3.2.2 Bacterial Quantification Assay 

3.2.2.1 Bacterial Incubation 

Staphylococcus aureus (S. aureus, strain USA300; Sigma Aldrich, VT000326)  was cultivated in 

sterile 50 mL glass tubes containing untreated cotton (control sample) or omniphobic RF-cotton 

samples. We grew the S. aureus colonies in 10 mL potato dextrose broth (Teknova Inc., Hollister, 

CA) for 3 h at 37 °C, shaking the colony at 200 rpm. We diluted the S. aureus colony 1:100 in 

fresh potato dextrose broth and used this solution to fill the glass tubes until the samples were fully 

submerged. After shaking the glass tubes for 3 h at 37 °C, we removed the media by aspiration 

and added fresh potato dextrose broth. We replaced the media with new fresh potato dextrose broth 

every 24 h during 7 days. 

3.2.2.2 Luminescence Measurements 

We followed the protocol provided with the Bactiter-Glo Microbial Cell Viability Assay Kit 

(Promega Corporation, Madison, WI) to quantify the number of viable S. aureus cells on the 

samples. First, we placed the samples on different well plates and then added Bactiter reagent to 

each well plate until all the samples were covered. We incubated the samples at room temperature 

and dark conditions for 5 mins. After the incubation, we transferred 200 µL of the Bactiter reagent 

covering each sample to an opaque 96-well plate. We measured luminescence using a BioTek 

Synergy™ 4 Hybrid Microplate Reader (BioTek Instruments, Inc.) and converted the values of 

luminescence to concentrations using a standard curve of S. aureus grown in solution to an optical 

density (OD) at 600 nm of OD600= 0.8. 

3.2.2.3 Quantification of Colony Forming Units 

We quantified colony forming units (CFU) of S. aureus by spiral plating (Spiral Biotech, Inc.) and 

used counting grids that relate the colonies on the spiral plate to the volume deposited in the area. 

S. aureus colonies were counted according to the instructions provided by the manufacturer of the 

Bactiter-Glo Microbial Cell Viability Assay Kit and the guidelines outlined in the Bacteriological 

Analytical Manual.135 
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3.2.2.4 Statistical Analysis 

We analyzed the CFU data with the R language for statistical computing (v. 3.5.3), identifying 

statistically significant differences between the control samples (untreated cotton) and omniphobic 

cotton using the Non-Parametric Mann-Whitney U test.136 We considered p-values lower than 0.05 

as statistically significant. A total of seven sample pairs (control and omniphobic) were used for 

the graph in Figure 3.10b. 

3.2.3 Scanning Electron Microscopy 

We used a scanning electron microscope (SEM; FEI Nova NanoSEM 200) to characterize the 

structure of the cotton and spandex substrates and the AgNFs (Figure 3.9c) used in the fabrication 

of the RF-TENGs. Before imaging of the bare and PTFE-encapsulated fabric substrates, we 

deposited a ~20 nm layer of platinum using a sputter coater (208HR, Cressington Scientific 

Instruments, UK) at 40 mA filament current during 60 s. AgNF-coated fabric samples (not yet 

encapsulated) and individual AgNFs were imaged without any additional conductive coating. We 

used electron accelerating potentials of 5.0 kV, spot-size of 3, and an Everhart-Thornley detector 

(ETD) to acquire images of all fabric samples at a working distance of 5–6 mm. High-resolution 

SEM images of individual AgNFs were obtained using a through-lens detector (TLD) in magnetic 

immersion mode at a working distance of 3.5 mm. 

Control and omniphobic cotton samples cultured with S. aureus for 7 days were removed from 

the cell culture plate and dried under a gentle stream of nitrogen. Note that omniphobic cotton 

samples remained omniphobic after the 7-day period and were easily dried by tilting them. We 

used the following protocol to fix the bacteria to the cotton fibers of the samples. First, the samples 

were immerged for 1 h in a 2.5% glutaraldehyde solution in 0.1 M sodium cacodylate buffer. 

Second, the samples were gently transferred to a 1% osmium tetroxide solution in 0.1 M sodium 

cacodylate and maintained immerged for 1 h. Third, we dehydrated the bacteria by exchanging the 

osmium tetroxide solution for anhydrous ethanol. After the samples were immerged in anhydrous 

ethanol for 10 min, we dried the samples under a gentle stream of nitrogen, placed them in a 

desiccator, and coated them with several drops of hexamethyldisilazane, to chemically dry the 

samples. The samples were kept in the desiccator at 36 Torr overnight. We mounted the samples 

on SEM specimen stubs (Ted Pella Inc.) using double-sided adhesive carbon tape (Ted Pella Inc.) 
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and sputter-coated them with a ~50-nm-thick layer of platinum before imaging them at an 

accelerating voltage of 5 kV. 

3.2.4 Characterization of Wettability of Different Textiles Using Polar and Non-polar 

Solvents 

We characterized 2H O

app , 16 34C H

app ,   2H O

a r  ,   16 34H

a r

C
    on cotton, spandex and wool samples 

silanized using the following fluoroalkylated organosilanes:  

i) trichloro(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl)silane (CF3(CF2)5CH2-CH2SiCl3; “C8
F”), 

ii) trichloro(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluorodecyl)silane (CF3(CF2)7CH2-

CH2SiCl3; “C10
F”), 

iii) trichloro(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12-henicosafluorododecyl)silane 

(CF3(CF2)9CH2-CH2SiCl3; “C12
F”) 

We obtained these silanes from Gelest Inc (Morrisville, PA) and used them without further 

purification. To measure the static contact angle and contact angle hysteresis we used a 

goniometer system (Krüss Drop Shape Analyzer DSA25) at room temperature (20–25 °C). The 

volume of the droplets used in the measurement was ~10 μL to avoid gravity effects. Five 

different droplets were used for each measurement and the average of those measurements was 

reported as the result (Figure 3.12a).  

To silanize the textiles, we sprayed over their surface a 4.76% v/v solution in isopropanol of 

one of the fluorinated organosilanes specified above and waited until the isopropanol dried at 

room temperature (~10 min). 
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Figure 3.2 Wetting characterization of cotton rendered omniphobic using C12
F 

organosilane.   Droplet of blue-dyed water on top of a piece of cotton fabric rendered 

omniphobic using C12
F. b) Apparent static contact angle of a 10µL water droplet on the 

omniphobic cotton. 

 

 

 

 

Figure 3.3 Stability of RF-TENGs to prolonged immersion in water.  1) Energy harvesting by 

an RF-TENG before immersion in water. Inset shows an apparent static contact angle 
2H O

app 155    with water. 2) RF-TENG being submerged in blue-dyed water. 3) RF-TENG is kept 

immersed in water for 24 hours, and then removed from the water and quickly dried with a paper 

towel. 4) After drying the RF-TENG, there is no significant change in its 2H O

app  or its 

energy-harvesting performance. 
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3.2.5 Effect of Relative Humidity on the Performance of RF-TENGs. 

Using an experimental setup similar to the one described by Nguyen and Yang,137 we ramped the 

relative humidity (RH) from 20% to 80% inside an AtmosBag (Z530204, Sigma Aldrich) at 

22 ± 1 °C and recorded the open-circuit voltage and short-circuit current characteristics of a 

2.25 cm2 RF-TENG at RH intervals of 10%. We found no significant changes in the performance 

of the RF-TENGs as the relative humidity was gradually ramped up from 20% to 80%, observing 

variations of the peak voltages and currents oscillating within 10% (Figure 3.4). 

 Previous studies137,138 reported that TENGs experience up to 20% drop in charge generation 

when exposed to a relative humidity of 80%; however, due to the omniphobic functionalization in 

RF-TENGs, they do not suffer from any significant deterioration in performance even as the 

humidity increases to 80%. 
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Figure 3.4 Open-circuit voltage and short-circuit current characteristics of 2.25 cm2 

RF-TENGs at different values of relative humidity and a constant 

temperature T = 22 ± 1 °C. 
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3.2.6 Production and Storage of Electric Energy Using RF-TENGs 

The electrical output characteristics of the RF-TENGs were obtained using an Infinii Vision MSO-

X-3104T oscilloscope (Keysight Technologies) at a rate of 3×105 samples per second. The 

electrical measurements consisted of open-circuit voltage, short-circuit current, output current with 

different loads, output voltage with different loads, and the charging curves of different capacitors 

over time (Figure 3.11 and Figure 3.12). 

Figure 3.5 shows RF-TENGs used to charge four different capacitors (2 mF, 3 mF, 4 mF, 5 mF) 

using a universal testing machine (MTS Insight 10; MTS Systems Corp.), with a 1 kN load cell 

covered with cotton fabric (model 661.18.F01), which tapped the RF-TENGs at a frequency of 

4 Hz and a constant pressure of ~0.47 psi. The cat design has an area of 6.25 cm2 (Figure 3.5e), 

the fish 4.5 cm2 (Figure 3.5c) and the cherry 2.25 cm2 (Figure 3.5a). The plots in Figure 3.5b,d,f 

verify the trend observed in previous studies:139 capacitors with smaller values of capacitance are 

charged and get saturated faster than those with higher values of capacitance. 
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Figure 3.5.Production and storage of electric energy using different RF-TENG sizes and 

capacitors with different capacitances.  Capacitors of 2 mF, 3 mF, 4 mF, and 5 mF were each 

charged by the three different sizes of RF-TENGs. a) RF-TENG with a cherry design of area 

2.25 cm2. b) Charging curves of different capacitors, produced by tapping the RF-TENG in (a) at 

~4 Hz. c) RF-TENG with a fish design of area 4.5 cm2. d) Charging curves of different 

capacitors, produced by tapping the RF-TENG in (c) at ~4 Hz. e) RF-TENG with a cat design of 

area 6.25 cm2. f) Charging curves of different capacitors, produced by tapping the RF-TENG in 

(e) at ~4 Hz. 
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Figure 3.6 shows how, after 50 washing cycles, RF-TENGs can charge a 2 mF capacitor 

through a diode bridge rectifier (electronic components embedded in the e-textile) without any 

significant decrease in performance. The maximum voltage transferred to the capacitor is achieved 

after 18 s of continuous tapping (tapping frequency 4 Hz, pressure ~0.47 psi), and remains 

proportional to the size of the RF-TENG even after the vigorous spinning and abrasive action of 

the ballast during 50 washing cycles. We attribute the stability of the performance of the RF-TENG 

to the omniphobic e-textiles aiding the protection of the embedded electronic components from 

corrosion and the mechanical barrier provided by the embroidered layer on top of the RF-TENG. 

 

 

 

Figure 3.6. Charging curves of a 2 mF capacitor embedded in RF-TENGs of different sizes 

(I- cherry design ~2.25 cm2; II- fish design ~4.5 cm2; III- cat design ~6.25 cm2) fabricated in 

cotton, after 50 cycles of standard machine washing. 
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Figure 3.7 Voltage peaks generated by tapping RF-TENGs (area = 6.25 cm2) made with 

different fabrics:  silanized cotton; b) untreated cotton; c) silanized spandex; d) silanized wool. 

 

3.2.7 Fabrication of Self-Powered Human-Machine Interfaces based on RF-TENGs 

We incorporated two RF-TENGs in a polo-shirt to fabricate an audio system controller with a 

compact fashionable design that fits within the shirt collar. The controls for play/pause are located 

on the right side of the collar while the control of volume is available on the left side. The different 

layers of the audio control interface on the collar are detailed in Figure 3.8. 

0.0 0.5 1.0
-100

0

100

200

300

0.0 0.5 1.0
-100

0

100

200

0.0 0.5 1.0

0

100

200

300

0.0 0.5 1.0
-100

0

100

200
a) b)

c) d)

v
o

lt
a
g

e
 (
V

)

time (s) time (s)

c
u

rr
e
n

t 
(μ

A
)

RF cotton untreated cotton
v
o

lt
a
g

e
 (
V

)

time (s)

v
o

lt
a
g

e
 (
V

)

time (s)

RF spandex RF wool



 

 

62 

 

Figure 3.8 Layers of the audio control interface described in Figure 3.14. Right side of the 

collar:  play/pause controls; left side of the collar: volume/mute controls. 

 

3.2.8 Analog Signal Acquisition and Signal Processing 

We acquired the voltage peaks generated by each tactile interaction using a multichannel 

microcontroller (GEMMA V2; Adafruit Inc.), which also served as an analog to digital converter 

with a quantization capacity of 8 bits. We specified threshold voltages for each tactile zone to 

ensure that the microcontroller would be able to differentiate touch events from the accidental 

bending or stretching of the RF-TENG. 
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3.2.9 Fabrication Cost 

We estimate the cost to make 6.25 cm2 RF-TENGs to be less than $ 0.19, without considering labor 

or capital expenses. The total cost, itemized in Table 3, is based on the costs of relatively small 

quantities of material and reagents (Table 4) and could be subject to lower prices based on volume 

discounts. 

Table 3. Bill of materials to fabricate RF-TENGs 

Item ID Vendor Qty. 
Cost 

(US$) 

PTFE Spray MPTFEN300M Silmid, UK 400 mL 13.65 

AgNF 47MR-11F Inframat Advanced Materials 500 g 694.00 

Silane SIT8174.0 Gelest Inc. 750 g 1665.00 

Embroidery Thread B077Z5VJHN New Brothread 20000 m 25.99 

Cotton Fabric B00EQJ3C7Y Fabric Wholesale Direct 14000 cm2 2.49 

Spandex B01N0ETLLS Fabric Wholesale Direct 14000 cm2 4.23 

Toluene 600173480656 Dural Company 12 L 89.95 

Isopropanol 741296772799 Florida Laboratories 15.14 L 92.70 
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Table 4. Itemized cost of 6.25 cm2 RF-TENGs 

AgNF spray coating 

30 mg AgNF: $ 0.046 

 6 mL Toluene: $0.044 

$ 0.090 

PTFE spray coating 

1500 mL: $ 0.050 

$ 0.050 

Omniphobic spray coating 

30 mg Silane: $ 0.037 

500 mL Isopropanol: $0.003 

$ 0.040 

Thread for embroidery 

230 cm thread: $ 0.003 

$ 0.003 

Textiles 

6.25 cm2 cotton: $ 0.0011 

6.25 cm2 spandex: $ 0.0018 

$ 0.003 

Total cost $ 0.19 

 

3.3 Results and Discussion 

3.3.1 Design and Fabrication of RF-TENGs 

Figure 3.9a shows the fabrication process followed to fabricate the top electrode of the RF-TENG 

on any fabric or cloth item. We first rendered the textile omniphobic by spraying a 4.76% v/v 

solution of a fluoroalkylated organosilane in isopropanol inside a chemical hood. After the 

isopropanol evaporates, the silanized textile exhibits an apparent static contact angle 2H O

app 155    

with water (Figure 3.9c) and 16 34C H

app 122    with hexadecane. The silanized textile fibers of the 

RF-TENGs do not show significant multi-layer texturing artifacts since their silanization was 

completed in ~10 min, at room temperature. Multi-layer texturing is expected, however, when the 

reaction is performed at higher temperatures (95 °C) or for longer times (> 30 min), due to the 

formation of small polymeric particles on the surface of the textile.128 We then sprayed a 5 wt. % 
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suspension of Ag nanoflakes (AgNFs) in toluene over the fabric through a laser cut Teflon stencil 

mask and let it dry in a desiccator at 36 Torr for 20 min. The omniphobic fabric patterned with the 

AgNFs electrode is then embroidered with a protective shape-matching design, which is also 

rendered omniphobic using the same spray silanization process. This step completes the fabrication 

of the top electrode of the fabric-based RF-TENG. We fabricated the bottom electrode of the 

RF-TENG (Figure 3.9b) by rendering the surface of a stretchable textile (spandex) omniphobic 

and spraying AgNFs over its silanized fibers. After the suspension of AgNFs dried, we 

encapsulated the highly networked nanoflakes by spraying an ~8-µm-thick layer of PTFE and 

curing it at room temperature for 2 h. The top and bottom electrodes of the RF-TENG are 

assembled by sewing them together along the contour of the embroidered design (Figure 3.9c, 

Figure 3.1c).  
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Figure 3.9 Fabric-based RF-TENG fabrication process.   
a) Schematic diagram of the fabrication of the top electrode of the RF-TENGs: (1) A spray 

silanization process renders the fabric or cloth omniphobic; (2) The shape of the top electrode is 

defined by spraying AgNFs over the omniphobic textile through a stencil mask; (3) The AgNFs 

are protected by embroidering a shape-matching design that is also rendered omniphobic by 

silanization. b) Schematic diagram of the fabrication of the bottom electrode of the RF-TENGs: 

(4) A spray silanization process renders a piece of spandex omniphobic; (5) Spray deposition of 

AgNFs over the omniphobic spandex; (6) Encapsulation of the AgNFs with PTFE by spray 

deposition. c) Assembly of the fabric-based RF-TENG: (7) top and bottom electrodes are 

assembled by sewing along the contour of the embroidered design. The inset of the top electrode 

shows a representative SEM image of the conformal AgNF coating of the fibers of the 

omniphobic fabric. The inset of the waterproof textile shows an SEM image of a silanized cotton 

fabric, which exhibits 2H O

app 155   . The inset of the bottom electrode shows an SEM image of the 

conformal PTFE encapsulation of the AgNFs.The proposed fabrication method to create fabric-

based RF-TENGs is simple, easy to customize, scalable, and compatible with mass-production 

technologies using a variety of commercially available fibers and textiles. Additionally, the 

omniphobic character of the RF-TENGs protects the AgNFs electrodes from moisture, making 

these fabric-based devices waterproof and facilitating their cleaning. The spray deposition 

processes used to render the textiles omniphobic and to deposit thin conformal layers of highly 

networked AgNFs and PTFE preserve the flexibility, natural breathability (air permeability 

~90.5 mm/s), and light weight of the used textiles.
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Figure 3.9 continued 



 

 

68 

3.3.2 Working Principle of Flexible and Stretchable RF-TENGs.  

Omniphobic textile-based RF-TENGs operate in vertical contact-separation mode,140 generating 

energy when the motion of the wearer induces the compression, bending, or rubbing of the device 

(Figure 3.10a). The repetitive separation and re-contact of the omniphobic textile layer of the top 

electrode and the PTFE coating of the bottom electrode generates charges on their surfaces due to 

the triboelectric effect—where two materials with different tendencies to gain or lose electrons 

become electrically charged after they are separated from each other.141 The polarity and 

magnitude of the resulting triboelectric charges on each material is governed by their relative 

positions in the triboelectric series. In the case of the RF-TENGs, the RF-textile becomes positively 

charged while the PTFE layer becomes negatively charged, since PTFE is lower in the triboelectric 

series than most textiles.74 Note that triboelectric materials may be either conductors or 

insulators.141 The bending and stretching of the RF-TENG during wearing promote friction among 

the omniphobic fibers of the textile, generating additional charges that increase the voltage 

difference between the top and bottom AgNFs electrodes (Figure 3.10e). The voltage peaks 

generated by the RF-TENG can be easily rectified and used to power miniaturized electronic 

components connected using conductive textile threads and embedded into the e-textile during the 

embroidery process (Figure 3.10c). The omniphobic surface of the RF-TENG renders them 

insensitive to environmental moisture (Figure 3.10d), protecting the embedded electronics from 

corrosion by washing. 

Fluorinated materials have also been demonstrated to repel the adhesion of bacterial pathogens 

such as C. albicans, P. aeruginosa, and E. coli.142 As a consequence, several hydrophobic coatings 

have been developed to inhibit the growth of microbes on textiles during their use or storage, since 

these microorganisms negatively affect the wearer and the textile.143,144 To evaluate the 

antimicrobial repulsion mechanism of RFTENG-based e-textiles toward S. aureus, untreated 

pieces of cotton (control samples) and omniphobic pieces of cotton (RF-cotton) were cultured for 

seven days in the presence of S. aureus. Scanning electron microscopy (SEM) of the control and 

omniphobic samples indicate that S. aureus is repelled from the surface of the RF-cotton and unable 

to proliferate. To confirm the reduction in S. aureus observed by SEM, we quantified the number 

of viable cells on pieces of RF-TENG using a Bactiter-Glo assay by measuring the amount of ATP 

present on the samples after cell lysis. Figure 3.10b shows the quantification of S. aureus colony 
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forming units (CFU) present on the surface of the untreated and RF-cotton samples after culturing 

for seven days (see Materials and Methods for antibacterial characterization details).  

 

 

Figure 3.10 Production of electric energy and bacteria repellency of omniphobic e-textiles 

powered by RF-TENGs.  a) Schematics of the charge generation process in an RF-TENG. 

b) Scanning electron micrographs of the control (untreated cotton) and omniphobic RF-cotton 

samples after seven days of growth in media with S. aureus (scale bars 10 µm). Graph showing 

the reduction of S. aureus growth, colony forming units (CFU), on RF-cotton samples compared 

to control samples, quantified using Bactiter-Glo (* indicates p < 0.05, error bars ± SD; n = 7), 

after culturing for seven days. c) RF-TENG with the shape of a cat powering two LEDs 

embroidered as eyes. d) RF-TENG operating while being covered with several droplets of blue-

dyed water. e) Biomechanical energy harvesting by bending and stretching RF-TENGs (LEDs on 

in all pictures). 

3.3.3 Conversion of Mechanical Energy into Electric Energy using RF-TENGs 

Figure 3.11 electrical output characteristics of a textile-based RF-TENG with a surface area of 

6.25 cm2. The triboelectric voltages generated every time the user taps the RF-TENG are ~300 V 

(Figure 3.11a and Figure 3.7). The short-circuit current produced by each tap is ~80 µA (Figure 

3.11c). Embedding a full-wave rectifier into the embroidered design (Figure 3.10c) reverses the 

negative voltages and currents generated by the RF-TENG as shown in Figure 3.11 b and d, 

respectively. The rectified open-circuit voltages (~270 V) and short-circuit currents (~72 µA) 
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generated by textile-based RF-TENGs with two single-layer electrodes, are comparable to those 

of tribogenerators with multilayered electrodes and nanotexturized surfaces.75,145 Figure 3.11e 

shows the effect of the external load on the voltage and current outputs of the textile-based 

RF-TENGs. As expected, when the external load increases, the current output through the load 

decreases, while the output voltage increases.2 The output power density of RF-TENGs reaches 

a maximum of ~600µW/cm2 when coupled to an impedance matching load of 1 MΩ (Figure 

3.11f). 
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Figure 3.11 Production of electric energy using a 6.25 cm2 RF-TENG. 

a) Open-circuit voltage peaks (before rectification) generated by tapping the RF-TENG with two 

fingers at a frequency of ~4 Hz. b) Open-circuit voltage peaks rectified using the circuit shown in 

Figure 3.10c. c) Short-circuit current peaks (before rectification) generated by tapping the 

RF-TENG with two fingers at ~4 Hz. d) Short-circuit current peaks after rectification. 

e) Dependence of the output voltage and output current on the external load. f) Dependence of 

the output power density on the external load. 
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3.3.4 Stain Repellency and Machine-Washing Resistance of RF-TENGs 

We used three commercially available fluoroalkylated organosilanes (C8
F, C10

F, C12
F, see 

Experimental Section for details) to evaluate the effect of the chain length of the organosilane on 

the wetting properties of the e-textile for water (surface tension 72.8 mN/m) and hexadecane 

(surface tension 27.05 mN/m). The apparent static contact angle of water  ( 2H O

app ) on cotton, 

spandex, and wool ranged from 150°–160° increasing proportionally with the roughness of the 

textile.129 This correlation between the roughness of the textile and the apparent static contact angle 

is also observed for hexadecane ( 16 34C H

app 9 –15 25    , Figure 3.12a). The app  of each 

functionalized fabric increases with the chain length of the organosilane, while the contact angle 

hysteresis ( a r  ) varies from 5°–20° for both water and hexadecane and decreases with the 

chain length. While the voltage output of RF-TENGs did not show any noticeable trend with the 

chain length of the fluorinated organosilane, we chose C12
F to render both the RF-TENG and the 

e-textile omniphobic to maximize their stain repellency, which is inversely proportional to the 

contact angle hysteresis. Figure 3.12a illustrates how aqueous solutions and organic liquids with 

surface tensions as low as 27.05 mN/m (hexadecane) do not wick into C12
F-treated e-textiles and 

can be easily cleaned by wiping them with an absorbent paper towel. Additionally, due to the 

omniphobic nature of RF-TENGs, their energy-harvesting performance is not significantly affected 

by changes in environmental relative humidity (Figure 3.4). 

We tested the washing durability of e-textiles powered with RF-TENGs by laundering in 

repeated (50) standard washing cycles using 2 kg of clothes as ballast (see Experimental Section).86 

Figure 3.12b shows how, after 50 washing cycles, RF-TENGs can charge a 2 mF capacitor through 

a diode bridge rectifier (electronic components embedded in the e-textile) without any significant 

decrease in performance. The maximum voltage across the capacitor after 18 s of continuous 

tapping (tapping frequency 4 Hz, pressure ~0.47 psi) is proportional to the size of the RF-TENG 

and therefore to its maximum output voltage (Figure 3.5 and Figure 3.6). After the vigorous 

spinning and abrasive action of the ballast during 50 washing cycles, the minimal change in 2H O

app  

of omniphobic e-textiles indicates that the silanization remains stable, which helped to protect the 

embedded electronic components from corrosion during the washing cycles (Figure 3.12c). We 

also verified that 2H O

app  is not significantly affected after the immersion of the RF-TENGs in water 
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for 24 h (Figure 3.3). We attribute the small decrease in open-circuit voltage and short-circuit 

current of the RF-TENG after washing to the effects of the mechanical fatigue on the electrical 

interconnects inside the RF-TENG, which resulted in higher contact resistance values. Note that 

the performance of RF-TENG-embroidered e-textiles is affected by the drying cycles of 

commercial dryers, since the continuous heat and friction among the clothes cause the shrinking 

of the textiles and the fraying of the embroidery layer, exposing the AgNF electrodes to 

degradation after a few washing/drying cycles. Therefore, to extend the washing durability of RF-

TENG-embroidered e-textiles, we opted to hang them dry in room conditions (and not in a dryer) 

before subsequent characterization.  
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Figure 3.12 Washing durability of e-textiles powered by RF-TENGs.  a) Comparison of the 

apparent static contact angle app  and the contact angle hysteresis ( a r  ) of water and 

hexadecane on three textiles (cotton, spandex, and wool) with different functionalizations (C8
F, 

C10
F, and C12

F), before and after 50 cycles of standard machine washing. The inset shows the 

stain repellency of these omniphobic textiles to hexadecane and dyed water, which can be 

cleaned by bringing them into contact with an absorbent paper towel. b) Charging curves of a 

2 mF capacitor embedded in cotton-based RF-TENGs of different sizes 

(I- cherry design ~2.25 cm2; II- fish design ~4.5 cm2; III- cat design ~6.25 cm2; scale bars 2 cm), 

before and after 50 cycles of washing. Vcap indicates the voltage at the capacitor after 18 s of 

tapping. c) Measurements of the 2H O

app , the open-circuit voltage, and the short-circuit current of 

the RF-TENGs shown in (b), before and after 50 cycles of washing.Harvesting Biomechanical 

Energy using RF-TENGs 
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The embroidery of textile-based RF-TENGs on conventional cloth items makes it possible to 

harvest energy from the natural motions of the wearer (Figure 3.13) without compromising 

comfort. As an example, Figure 3.13a shows human body energy harvesting from walking with a 

textile RF-TENG embroidered on the bottom of a woolen sock (where they provide additional 

padding to maximize the comfort of the user). Similarly, RF-TENGs can serve as decorations for 

shirts, where they can harvest energy when the arms get into rubbing contact with their surface 

(Figure 3.13b). Additionally, thanks to the flexibility and stretchability of the RF-TENGs, they 

can be used to fabricate elbow patches capable of harvesting energy from the bending of the arm, 

due to the relative sliding of the top and bottom electrodes of the RF-TENG (Figure 3.13c). 
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Figure 3.13 Biomechanical energy harvesting using RF-TENGs.  a) Output voltage generated 

by one RF-TENG embroidered on the bottom of a sock during walking. b) Output voltage 

generated by rubbing the arm against the surface of an RF-TENG embroidered on the side of a 

polo shirt. c) Output voltage generated by an RF-TENG elbow patch upon repetitive bending of 

the elbow. 
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3.3.5 RF-TENGs as Human-Machine Interfaces 

The embroidered structure of the textile RF-TENGs can produce fashionable, comfortable, 

washable, and self-powered e-textiles with triboelectric interfaces for user interaction. Figure 3.14 

shows a self-powered polo shirt comprising two RF-TENGs placed under the arms on both sides 

of the shirt (see Figure 3.13b) and two self-powered triboelectric interfaces (on the collar of the 

shirt; Figure 3.8) that can change the volume, pause, and resume a song played by a music player 

integrated in the textile. Each triboelectric interface has different sensing areas embroidered using 

threads of different colors (light and dark blue) and raised patterns of different heights to facilitate 

tactile perception. The user can play and pause songs by gently pressing the two triboelectric 

sensing areas on the right side of the collar of this e-textile (Figure 3.14b). Similarly, on the left 

side of the collar, the user can slide their fingers up or down over the long triboelectric area to 

increase or decrease the volume of the playing song and mute the song by pressing the short 

triboelectric area (Figure 3.14c). We used this e-textile after 50 washing cycles without apparent 

damage or degradation in performance. 
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Figure 3.14 Self-powered audio control interface based on RF-TENGs.   

a) RF-TENG-based controllers embroidered on the polo shirt shown in Figure 5b. 

b) Double-tapping the top part of the right controller pauses the music; double-tapping its 

bottom part resumes the music playback. c) Dragging the finger down from the top part 

of the left controller gradually lowers the music volume, all the way to mute. 
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3.4 Conclusions 

In summary, this work demonstrates a simple and scalable method to transform conventional 

garments or textiles into omniphobic and self-powered e-textiles capable of powering embedded 

electronic systems using the electrostatic energy generated by the natural motions of the wearer. 

These e-textiles harvest biomechanical energy using omniphobic, fabric-based, triboelectric 

nanogenerators (RF-TENGs) fabricated, at a low cost (<0.04$/cm2; see Table 3 and Table 4), by 

combining textile-mounted electronics with embroidery and the spray-based deposition of 

silanizing agents, highly networked AgNFs, and a conformable PTFE encapsulating solution. The 

resulting RF-TENGs are lightweight, flexible, breathable (air permeability 90.5 mm/s), and can 

generate high output power densities (~600 µW/cm2). The omniphobic silanization of these 

textiles prevents bacterial proliferation and repels staining by aqueous solutions and organic 

liquids with surface tensions as low as 27.05 mN/m, rendering RF-TENGs insensitive to changes 

in the environmental moisture. The omniphobic embroidery design used to assemble RF-TENGs 

protects both the textile-mounted electronic components and the electrodes of the RF-TENGs from 

moisture and over-stretching (max = 55%), conferring these RF-e-textiles with excellent stability 

under mechanical deformations and remarkable washing durability after 50 standard machine-

washing cycles. Moreover, thanks to the embroidery design, the user can easily pinpoint the 

location of the RF-TENGs, enabling their use as self-powered tactile interfaces to control 

embedded electronics. Finally, the combination in the same textile of several RF-TENGs, some 

serving as biomechanical energy transducers and some as tactile sensors, enables the creation of 

battery-free e-textiles controlled by the wearer. We envision that the versatility of the proposed 

fabrication method to create omniphobic e-textiles and its compatibility with large-scale 

production processes, such as spray deposition, will pave the way toward the cost-effective 

manufacturing of robust e-textiles and wearable human-machine interfaces for emerging 

applications. 

 



 

 

80 

 WASHABLE, BREATHABLE, AND STRETCHABLE E-TEXTILES 

WIRELESSLY POWERED BY OMNIPHOBIC SILK-BASED COILS 

Motivation and rationale: The commercial development of smart garments is currently hindered 

by significant challenges, such as dependence on batteries, reduced washability, and difficult 

incorporation into existing large-scale textile manufacturing technologies. This work describes an 

industrially scalable approach to transform conventional fabrics into smart textiles—wirelessly 

powered by omniphobic silk-based coils (OSCs). OSCs are stretchable and lightweight power-

receiving coils that can be easily sewn onto any textile, enabling the safe wireless powering of 

wearable electronics via magnetic resonance coupling without compromising the comfort of the 

user. OSCs are composed of microfibers made of a novel silk-nanocarbon composite that benefits 

from the stretchability of silk fibroin and the high conductivity of multiwall carbon nanotubes and 

chitin carbon nanoflakes. These conductive silk fibers were previously developed by Dr. Ramses 

V. Martinez, and they were used in this study to fabricate the OSCs, which enable advancements 

on the wirelessly powering of e-textiles. The surface of the OSC-powered electronic textiles (e-

textiles) is rendered omniphobic—both hydrophobic and oleophobic—using a spray-based 

silanization method, which imbues the e-textile with waterproof and stain repellent properties 

without compromising its flexibility, stretchability, or breathability. OSCs exhibit excellent 

stability in high moisture environments and under mechanical deformations, allowing them to 

undergo 50 standard machine-washing cycles without degradation in performance. Moreover, 

OSC-powered e-textiles can be fabricated at a low cost using scalable manufacturing processes, 

paving the way toward the rapid development and commercialization of machine-washable and 

battery-free smart clothing and reusable wearable electrophysiological sensors.  

4.1 Introduction 

We present a scalable method to fabricate omniphobic silk-based coils (OSCs), which can 

be integrated into conventional textiles by sewing and can be used for the continuous wireless 

powering of electronic components via magnetic resonance coupling. We used a thread composed 

by multiwall carbon nanotubes (MWCNTs) and chitin carbon (ChC) with silk fibroin (SF) that is 

stretchable and conductive and can be sewn onto a variety of textiles in the shape of a flat spiral 
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coil and rendered omniphobic by the spray‐based deposition 

of fluoroalkylated organosilanes, creating OSCs. We demonstrate that OSCs are flexible, 

stretchable, washable, and capable of continuously providing power to e-textiles via wireless 

power transfer. We also demonstrate that the power output of OSCs does not 

diminish significantly after repeated mechanical deformation and washing cycles, enabling 

the continuous wireless powering of wearable sensors embedded into e-textiles. The combination 

of stretchability, high conductivity, independence from environmental moisture, and relative low 

cost, outperforms the WPT capabilities of several silver and carbon-based yarns proposed for the 

manufacturing of washable e-textiles 146. We expect the WPT efficiency of OSCs to expedite the 

sustainable development and commercialization of emerging, battery-free, wearable electronics 

and e-textiles. 

4.2 Materials and Methods 

4.2.1 Fabrication of OSCs using SF/MWCNTs/ChC Microfibers 

We used a ~350µm-thick SF/MWCNT/ChC thread to fabricate the OSCs; and since MWCNTs, 

ChC, and SF are biodegradable materials 147–149, we expect the fabricated OSCs to contribute to 

the development of future biodegradable e-textiles. We designed and sewed the OSCs in a 

serpentine pattern (Figure 4.1) to enhance their performance upon stretching 150–153. We chose the 

curvature angles of the serpentine pattern (1 = 90º and 2 = 135º), to ensure that the WPT 

efficiency of the OSC increases (rather than decrease) when stretched up to strains of ~10% 

(Figure 4.19d; for reference, the maximum shear strain that the human skin can sustain is 

~11%; 154). Moreover, the choice of this serpentine pattern allows the WPT efficiency to remain 

within 70% of its maximum possible value up to strains of 50% (for reference, the maximum 

longitudinal strain that the human skin can sustain is ~30%; 155); see Figure 4.19c, d.  



 

 

82 

 

Figure 4.1. Serpentine design used in the fabrication of OSCs. 

 

OSCs reported in this manuscript have a resistance in the range 80–90 Ω/m (at the 

optimized composition of 90 wt% SF with 7 wt%  MWCNT and 3 wt% ChC; see Figure 4.17c), 

can withstand strains up to 500% (see Figure 4.17a), and maintain an apparent static contact angle 

of ~158° even after 50 cycles of machine washing (Figure 4.21 and Figure 4.12). As a comparison, 

commercial silver-coated yarns have resistances ranging 50–150 Ω/m (dry) and limited 

stretchability (strain at failure f <20%). Additionally, the resistance of these yarns 

increases ~100−300% over 50 wash cycles, as silver oxidizes in the presence of moisture 156.  

Commercially available carbon fibers exhibit resistances of ~1K Ω/m and, while they can be very 

tough, their stretchability is limited (~8%) 157. Recently reported yarns based on carbon (reduced 

graphene oxide) exhibit resistances as low as 12 Ω/m, but cannot endure stretching >30%, as the 

graphene oxide flakes cannot provide a tensile mechanical reinforcement as efficient as MWCNTs 

due to their aspect ratio 158,159. The static contact angle of these graphene-based nanocomposites 

depends on their polymeric matrix resistances and oscillates between 60-110° 160. 
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We used a commercial sewing machine (EverSewn Hero; EverSewn Inc.) equipped with a 

USB port to import custom sewing designs with sizes up to 110 × 170 mm. Note that if the sewing 

machine patterns the OSC using a high sewing tension (tight stitches), this will cause the 

SF/MWCNT/ChC thread to experience near 90° bending on each stitch, which could 

compromise conductivity, particularly upon stretching. Since we aimed to fabricate highly 

flexible and stretchable e-textiles (stretchable up to =100%), we maintained the sewing machine 

tension low (4N), which resulted in bending angles of ~36° (Figure 4.2).After sewing the OSCs 

on the textile, we interface the ends of the coil with a miniaturize wearable impedance matching 

circuit using conductive epoxy (8331D, MG Chemicals Inc.). We further secured the electrical 

connection by coating them with a flexible epoxy adhesive (FlexEpox; TotalBoat Inc.).  

 

 

Figure 4.2 a) Image of the thread tension mechanism used to keep the 

SF/MWCNT/ChC thread at ~4 N tension during sewing. b) Image of the 

thread as it travels through a stitch, showing how the low sewing 

tension reduces the bending experienced by the conductive thread as it is 

sewn on the textile. 
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After silanizing the surface of the e-textile by spraying it with a 4.76% v/v solution of trichloro 

(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12-henicosafluorododecyl)silane (CF3(CF2)9CH2-

CH2SiCl3; “C12
F”) in isopropanol, the silane and the sub-10µm size of the 

fluorinated clusters attached to the e-textile (Figure 4.3) prevent water (and virtually any fluid 

with a surface tension ≥27.05 mN/m) 129 from contacting the surface of the 

SF/MWCNT/ChC fibers or the underlying textile. This robust silanization does not interfere with 

the gas transport through the textile (air permeability ~90.5 mm/s, Figure 4.16e) or limit its 

flexibility 134. Additionally, the neglectable increase of radius and coefficient of friction 

of silanized threads makes OSCs compatible with current textile mass production 

technologies. Additionally, the neglectable increase of radius and coefficient of friction 

of silanized threads makes OSCs compatible with current textile mass production technologies.  

 

 

Figure 4.3 High-resolution SEM images of the fibers of a cotton textile rendered 

omniphobic by silanization with C12
F  Fluorinated polymeric clusters—generated by the 

reaction between the sprayed fluoroalkylated silane and the surface-bound water—can be found 

distributed over the cotton fibers, without significantly reducing the porosity or the gas 

permeability of the textile. The apparent static contact angle of a 10µL water droplet on 

omniphobic cotton is 2H O

app 159   .
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Figure 4.4 Covalent modifications of OSC and e-textile fibers 128.
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Figure 4.5 Gas permeability of an omniphobic OSC-powered e-textile (smart glove shown 

in Figure 4.16d and e, Figure 4.20c and d).  We deposited a 10-µL drop of liquid pH indicator 

over the top surface of the omniphobic wool glove ( 2H O

app 158   ), which rests on a plastic film 

(gas barrier) that separates the glove from an open scintillation vial containing NH4OH (panel I). 

At t=0, the plastic film is removed, allowing the NH3 gas in the solution to contact the glove, 

travel through its highly porous structure, and reach the pH indicator at the other side (panel II). 

The color of the pH indicator immediately begins to change from light blue (pH = 5) to dark blue 

(pH =10), a process that takes ~15s, as the NH3 gas permeates through the omniphobic glove 

(panels II – IV). Structural Characterization of OSCs and Omniphobic E-textilesScanning 

Electron Microscopy 

 

We used a scanning electron microscope (SEM; FEI Nova NanoSEM 200), operating at a 

working distance of 3–6 mm, to characterize the structure of the textile substrates and the 

conductive silk thread (Figure 4.16c) used in the fabrication of OSC-powered e-textiles. To 

facilitate charge dissipation during imaging, the textile substrates were mounted on an orbital 

rotation stage and coated with a ~20-nm-thick layer of platinum using a sputter coater (208HR, 

Cressington Scientific Instruments, UK) operating at a 40 mA filament current during 60s.  
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4.2.1.1 Fourier-Transform Infrared Spectroscopy 

Fourier-Transform Infrared Spectroscopy (FTIR) spectra were collected using a 550 Nicolet 

Magna-IR Spectrometer. Fiber samples were placed over a 2-mm-thick ZnSe optical window and 

kept under a nitrogen atmosphere prior to the collection of the spectra. Each collected spectrum 

corresponded to the average of 180 scans in transmittance mode. 

 

 

Figure 4.6 Comparison between the FTIR spectra of SF/MWCNTs/ChC microfibers and 

pure silk microfibers.  The peaks identified in the graph indicate the presence of secondary 

structures (α-helix, β-sheet, and random-coil) in the SF. 

4.2.2 Mechanical Characterization of OSCs 

We characterized the mechanical performance of the SF/MWCNTs/ChC threads used to sew OSCs 

according to ASTM D2256 specifications using a universal testing machine (MTS Insight 10; MTS 

Systems Corp.), with a 1 kN load cell (model 661.18.F01), while applying tensile loads at a 

crosshead speed of 5 mm min−1. We used at least eight samples with a length of 10cm to 

characterize the dependence of the properties of the conductive threads on stretching. 
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Figure 4.7 Stress-strain curves generated during the tensile testing of eight different 

100-mm-long OSC threads.  
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Figure 4.8 Stretchability and bendability of omniphobic OSC-based e-textiles. 

a) OSC-powered e-textile shown in Figure 4.18b withstanding a strain e=70% in multiple 

directions, followed by 180° twisting without inducing damage to the sewn circuitry or suffering 

any noticeable degradation in performance. b) Pictures of the front and the back of the textile 

showing the electronic components, which weigh ~0.3g, and occupy an area of ~18 mm2. 

c) Schematic diagram and actual picture of the wearable MRC circuit and the SMD LEDs (ZL) 

comprising the e-textile, where C2= 940 nF, Cs2= 80 nF, Cp2= 75 nF, Cr= 4700 nF, and Dr being a 

high frequency Schottky diode. Note that we use the sub index 2 to identify that this MRC circuit 

is applied in the wearable device (secondary coupling stage feed by the primary coil). We use the 

sub index “s” or “p” to identify elements connected in series or parallel with the OSC, 

respectively. The sub index “r” is used to identify the elements (a diode Dr, and a capacitor Cr) 

responsible for the rectification of the altern current induced by the primary coil on the OSC
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4.2.3 Electrical Characterization of OSCs 

We connected the primary coil powering the e-textiles to a vector network analyzer (E5071B ENA, 

Agilent Technologies) and characterized the OSCs passively by bringing them in the vicinity of 

the primary coil. We first measured the real and imaginary components of the impedance, 

Z(f) = R(f) + jX(f); |Z| = (R2 + X2)1/2, where the real part is the resistance (R) and the imaginary part 

is the reactance (X), as a function of the operating frequency (f)
2
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1tan
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Q

R

 
  
   quality factor, see Figure 4.10. 

 

The vector network analyzer records the fraction of power reflected by the OSC back to 

the primary coil (|S11|2) via a one-port measurement, from which the efficiency of the WPT is 

calculated as  = (1 - |S11|2)100%. We then performed impedance-matching to optimize the 

magnetic resonant coupling between the external coil and the OSC by introducing matching 

capacitances in series (Cs1= 280pF, Cs2= 80nF) and parallel (Cp1= 6nF, Cp2= 75nF) on their 

respective MRC circuits (Figure 4.17a). The value of these capacitances was determined using the 

bandpass filter theory described by Chappell et al.161 As a result of this impedance matching, the 

WPT efficiency increases from ~1.5% to ~37% at 5.2 MHz (Figure 4.19b) 

 

Figure 4.9 Schematics of the experimental set-up used to maintain the OSC axis collinear 

with the primary coil during the stretching characterization experiments.
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Figure 4.10 Frequency-dependent electrical characteristics of the wirelessly powered 

OSC-based e-textile (acquired passively from the primary coil side) shown in Figure 4.17b: 

a) Resistance (R), b) Reactance (X), c) Impedance (Z), d) Inductance (L), e) Phase (), and 

f) Quality Factor (Q).
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Figure 4.11 Image of the primary coil used for MRC WPT with OSCs presented in this 

work.  The coil is 5cm in diameter and made of polymer enamel coated 27 AWG copper wire 

forming 6 turns. 

 

4.2.4 Safety of Use of OSC-based e-textiles with respect to Human Exposure to 

Electromagnetic Fields 

We followed the IEEE Standard for safety levels with respect to human exposure to 

electromagnetic fields to guarantee that the wireless power transfer to the OSC-powered wearable 

devices respects the safety limits established in the USA 162. The maximum power per unit area 

allowed for wireless devices operating on a frequency range from 1.0 MHz to 30 MHz is given by 

Max. Power Density (W/m2) = 9000/fM
2, where fM  is the frequency of operation in MHz. Since all 

the OSC-powered e-textiles presented in this study operate at a frequency of 5.2MHz, the 

maximum power density that allows them to operate safely under the maximum exposure reference 

level (ERL) is 33.2 mW/cm2. The table below demonstrates that all the wearable, OSC-powered, 

devices discussed in the main manuscript respect this ERL safety limit. 
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Table 5. Power and power density levels of OSC-based e-textiles, and maximum allowed 

safe power density level according to IEEE standard for safety with respect to human 

exposure to electromagnetic fields (1–30MHz). 

Device Seen in Figure 
Total Power 

required (mW) 

Power density 

received by the 

OSC (mW/cm2) 

OSC-based display 

with a “snail” design. 
Figure 4.18b 120 9.55 

OSC-based display 

with a “bike” design. 
Figure 4.18c 120 9.55 

OSC-based PPG 

sensor 
Figure 4.20 155 12.33 

OSC-powered Non-

contact voltage 

detector 
Figure 4.21 60 4.77 

Maximum allowed 

safe power density 

level according to 

IEEE standard for 

safety with respect 

to human exposure 

to  

electromagnetic 

fields (1–30 

MHz)162. 

  33.2 

4.2.5 OSC-powered wearable non-contact voltage detector 

The non-contact voltage detection circuit mounted on the glove is composed by two 

bipolar junction transistors (BC547) that acts as a current amplifier system that can amplify the 

small current captured by the conductive embroidered glove fingerprint, and by another transistor 

which acts as a switch for the OSC that is powering the LED.   

 The current received by the NPN transistor connected to the glove fingerprint is amplified 

with a gain of 1= 200, and it is further amplified by the next transistor with a gain of 2= 200. 

This configuration is known as Darlington configuration and gives a much higher current gain 
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than using a single transistor. The gain of the Darlington (darlington) configuration of the non-

contact voltage detector is given by the product of the individual gain of each transistor 

(darlington= 1*2).  

We placed different OSC-powered e-textiles inside a commercial laundering machine 

(TR3000WN, Whirlpool) using 2kg of conventional textiles as ballast and followed the laundering 

test specifications dictated by the AATCC Test Method 135–2014. Each washing cycle consisted 

of 120L of water at 22°C (wash and rinse cycles) under an 8-min delicate laundering program. The 

spinning process reached ~120 rpm during washing and rinsing, followed by an additional 3 min 

of spinning under ~450 rpm. After cleaning, the textiles were hung and allowed to dry at room 

conditions. 

To illustrate the laundry resistance of OSC-based wearable devices we characterized the 

non-contact voltage detection glove shown in Figure 4.21 after 50 washing cycles. 

The omniphobic character of OSC-powered e-textiles allow them to operate even when fully 

immerged in water. Figure 4.12 shows the fibrous structure of the wool as purchased, 

after silanization, and after 50 washing cycles. While the amount of fluorinated polymeric clusters 

coating the wool fibers reduces as a consequence of the shear action of the washing cycles (see 

Figure 4.12 b and c), this degradation is not enough to modify the apparent static contact angle of 

water on the surface of the silanized wool ( ; see Figure 4.12 b and d). Similarly, 

Figure 4.13 shows how the electrical detection performance of the circuitry in this OSC-based e-

textile remains unchanged after 50 washing cycles. The non-contact voltage detection 

capabilities of this glove—wirelessly powered through its OSC (Figure 4.21a)—depend both on 

the magnitude of the voltage connected applied to the cable and the distance separating 

the electrical cable from the fingertip of the glove (covered with an 

embroidered SF/MWCNTs/ChC conductive pad), see Figure 4.13a.
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Figure 4.12 Laundry resistance of the wearable non-contact voltage detection glove.  High 

resolution SEM image of the fibrous structure of the wool glove as purchased (a), after 

being rendered omniphobic by silanization with C12
F (b), and after 50 washing cycles (c). d) The 

apparent static contact angle of a 10µL water droplet on this OSC-powered wearable device 

remains unchanged after 50 washing cycles. 
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Figure 4.13. Dependence of voltage detected with the non-contact voltage detection glove 

shown in Figure 4.21 and Figure 4.12 on its separation from the cable before (a) and after 

(b) 50 cleaning cycles. 

4.2.6 Wireless, Battery-free, PPG Wristband 

Photoplethysmography (PPG) is a low-cost optical technique that can detect changes in the volume 

of blood flowing through blood vessels due to the rhythmic activity of the heart 163,164. 

This blood volume change is measured by illuminating the skin of the user with a green SMD LED 

and collecting the reflected light using a SMD photosensor (see Figure 4.20). The amount 

of reflected light is proportional to the volume of blood circulating under the skin of the user. 

Therefore, by continuously collecting the reflected light from the skin of the user it is possible to 

identify different cardiac phases and associated parameters 165. Figure 4.14 shows 

a representative PPG waveform collected from a single cardiac cycle. This waveform is composed 

of the following sequence of peaks and valleys: the systolic peak, dicrotic notch, and diastolic 

peak. By identifying these peaks, other cardiac parameters can be calculated: pulse interval (PI), 

inflection point area ratio (IPAR), ΔT, crest time (CT), see Figure 4.14. These cardiac 

parameters have been commonly used to monitor cardiac output during exercise 166 and arterial 

stiffness due to aging 167.   
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Figure 4.14 Information extractable from the PPG waveforms collected with the wearable 

OSC-based PPG sensor (single cardiac cycle).  The waveform is composed of a systolic peak 

(I), a dicrotic notch (II), and a diastolic peak (III). The period of this PPG signal corresponds to 

the pulse interval (PI). Additionally, other relevant cardiac parameters can be extracted from this 

waveform, such as ΔT, the crest time (CT), and the inflection point area ratio (IPAR; 

ratio between the area under the S1 and the S2 regions) 165. 

 

Figure 4.15 shows a high-resolution SEM image of the C12
F-silanized wristband, where a PPG 

sensor, a low-power microcontroller and Bluetooth chip is integrated into a textile wristband. We 

used conductive epoxy (8331D, MG Chemicals Inc.) to connect the terminals of the OSC to the 

flexible miniaturized electronics embedded in the textile (Figure 4.8). The electronic components 

weigh ~12 g, and occupy an area of ~540 mm2, minimally affecting their somatosensory 

perception. 
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Figure 4.15. OSC-powered PPG wristband.  a) High-resolution SEM images of C12
F-silanized 

wristband. b) Image of the PPG sensor embedded in the omniphobic wristband. Inset shows the 

copper coil used for the external coupling circuit. 

4.2.7 Fabrication Costs 

Using the non-contact voltage detection glove (Figure 4.21, Figure 4.12) and the PPG wristband 

(Figure 4.20, Figure 4.15), we found that the averaged fabrication cost of OSC-based e-textiles 

could be less than $0.28 per coil (Table 6). This calculation does not consider either the cost of 

the textile or the associated labor or capital expenses. Moreover, the ultimate functionality of OSC-

based e-textiles relies on the textile-mounted electronics (SMD electronics, microcontroller with 

Bluetooth connectivity...). 

Table 6. Itemized cost of the materials needed to fabricate OSCs. These prices correspond 

to small quantities and could be further reduced by volume discounts.  

Silk from B. mori cocoons $ 0.090 

MWCNTs $ 0.055 

ChC $ 0.042 

Silane $ 0.040 

Solvents and Reagents $ 0.049 

Total cost $ 0.276 
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4.3 Results and Discussion 

4.3.1 Design and Fabrication of OSCs 

Figure 4.16a shows the fabrication process followed to fabricate the conductive thread used to 

fabricate the OSCs. First, a 1:10 solution of silk fibroin (SF) comprising three secondary 

structures—α-helix, β-sheet, and random-coil—was prepared by dissolving SF in a CaCl2-formic 

acid solution. Chitin carbon (ChC) and multiwall carbon nanotubes (MWCNTs) were mixed 

(Figure 4.16a) and incorporated to this solution in a 1:10 ratio with respect to the SF. The 

electrospinning of this solution on a rotating mandrel resulted in the alignment of ~14 µm-thick 

conductive silk microfibers, which were subsequently twisted into a thread (Figure 4.16; Figure 

4.6). The conductive silk thread is then fed into the needle of a sewing machine (see Figure 4.2) 

and used to sew planar coils with a serpentine pattern on the textile (Figure 4.16c, Figure 4.1). We 

designed and sewed the OSCs in a serpentine pattern to enhance their stretchability, since the use 

of serpentine designs in stretchable electronics has been widely reported in the literature  150–153. 

After the sewing is completed, the terminals of the OCS are connected to the wearable coupling 

circuit using conductive adhesive. This magnetic resonant coupling (MRC) circuitry can be used 

to power other wearable electronics, depending on the desired functionality (see Figure 4.18). We 

mounted the MRC circuitry using surface-mount device (SMD) electronic components that weigh 

~0.3g and occupy an area of 18mm2. Finally, the e-textile is sprayed with a fluoroalkylated 

organosilane solution, which renders both the textile and the OSC omniphobic (Figure 4.16c). 

Planar OSCs can be fabricated in a variety of shapes and sizes using a conventional sewing 

machine feed with SF/MWCNT/ChC thread. In this work, we used planar OSCs with 3 

turns, diameter of ~4 cm, resistance R2 = 1.85 Ω, and inductance L2 = 3.9 × 10-7 H (at a frequency 

of 6.78 MHz). In general, for WPT applications, it is desired to have high L and low R to maximize 

the quality factor Q = 2πfL/R. Increasing the size and turns of the coil typically increases both L 

and R and therefore a judicious balance needs to be struck between the two.  

The omniphobic behavior of OSC-powered e-textiles allows them to repel liquids with 

surface tensions as low as 27.05 mN/m, including water, sweat, blood, and most oils at room 

temperature (Figure 4.16d, Figure 4.3) 1. This omniphobic behavior arises from the interaction 

between liquids and the fluorinated polymeric particles firmly attached to the textile due to the 

reaction of the fluoroalkylated silane and the surface-bound water 127,128. The sub-10µm size of 
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these fluorinated particles covalently attached to the e-textile (Figure 4.4) does not interfere with 

the gas transport through the textile (air permeability ~90.5 mm/s, Figure 4.16e; Figure 4.5) or 

limit its flexibility. 

 

 

Figure 4.16 Process to fabricate OSC-powered e-textiles.  Silk fibroin (SF), chitin carbon 

(ChC) nanoflakes, and multiwall carbon nanotubes (MWCNTs) are suspended in a 1:10 ratio 

with respect to the SF and electrospun over a rotating mandrel. b) The resulting 

SF/MWCNTs/ChC microfibers are separated into yarns and twisted into a conductive thread. 

The inset shows a high-resolution SEM image of the conductive thread, comprised of aligned 

SF/MWCNTs/ChC microfibers. c) OSCs can be machine-sewn on most textiles. After, both the 

textile and the OSC are rendered omniphobic using a rapid spray-based silanization process. 

d) Omniphobic glove with an OSC sewn on its palmar side holding 100µL droplets of dyed 

water, hexadecane, and vegetable oil. Once the hand is tilted, the droplets roll over the surface of 

the glove without leaving traces or staining it, until they fall. e) Omniphobic glove holding a 

100µL droplet of pH indicator solution placed on top of an open vial filled with NH4OH. The 

high breathability of the functionalized fabric (90.5 mm/s) is evidenced by the reaction between 

the NH3 gas and the pH indicator, which changes from light blue (pH=5) to dark blue (pH=10) in 

15s. 

 

4.3.2 Materials Characterization of OSCs  

The conductive threads used in the fabrication of OSCs can endure strains up to 500% (Figure 

4.17a). We collected Raman spectra from the electrospun fibers using a Horiba T64000 Raman 

spectrometer to verify the incorporation of the MWCNTs and ChC in SF. We recorded at least 10 

spectra per sample, which were averaged to generate the representative Raman spectra shown in 

Figure 4.17b. We used the automated peak fitting algorithm of OriginPro 2020b (OriginLab Inc.) 

to deconvolute the Raman measurements. The occurrence of the D-band at 1350 cm-1, G-band at 
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1580 cm-1, and the G’-band at 2700 cm-1 validate the presence of electrically active nanocarbon 

species (MWCNTs and ChC) embedded in the SF matrix. 

We used an optimized composition of the conductive SF/MWCNTs/ChC thread to 

fabricate the OSCs to minimize resistance without significantly compromising its stretchability 

and toughness (Figure 4.17c, Figure 4.6). The resistances of 80-90 Ω/m were achieved by using 

a thread containing SF (90 wt%) with MWCNT (7 wt%) and ChC (3 wt%). 

The relative change in resistance of the OSC upon stretching is proportional to the length of the 

conductive thread, which changes linearly with the applied tensile force (Figure 4.17d). The 

conductivity of the electrospun SF/MWCNTs/ChC nanocomposite is primarily due to the highly 

networked nanocarbon materials (MWCNT and ChC). As the OSC thread stretches due to the 

application of a tensile force, the electrically conductive network becomes more “open”, increasing 

the median distance between nanocarbon particles, thus increasing the resistance of the network 

and consequently the nanocomposite thread 168,169. The low viscoelastic loss modulus (imaginary 

component of the complex dynamic modulus used to describe viscoelastic materials 170 of the 

SF/MWCNTs/ChC fibers ensures minimal phase lag between their strain and stress, facilitating 

their rapid (~30ms) response and recovery from sudden stretching—a quality highly desired in the 

textile industry to maximize the compliance of the garment and the comfort of the user (Figure 

4.17e). To minimize the changes in the WPT efficiency of the OSC caused by the changes in the 

resistance of the SF/MWCNTs/ChC fibers due to stretching, we created all our 

OSCs using a serpentine design (Figure 4.16c, Figure 4.17). Due to the serpentine nature of the 

design, it first “unfurls” when stretched, without intrinsically stretching the thread fibers. Since the 

conductivity of the electrospun SF/MWCNTs/ChC nanocomposite is primarily due to the highly 

networked nanocarbon materials (MWCNT and ChC), the absence of intrinsic stretching prevents 

the conductive network from stretching, thus preserving the resistance of the OSC thread.  We 

tested the resistance to fatigue of the proposed SF/MWCNTs/ChC threads by exposing them to 

strains up to 100% during 2500 cycles, without perceiving any significant drop in performance 

(Figure 4.17f). 
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Figure 4.17 Materials characterization of the SF/MWCNTs/ChC thread.  Stretchability of the 
SF/MWCNTs/ChC thread used to sew OSCs. b) Comparison between the Raman spectra of 

SF/MWCNTs/ChC microfibers and pure silk microfibers. c) Dependence of the maximum strain at break 

(break), resistance (R), tensile strength (TS), and toughness (T) of the SF/MWCNTs/ChC thread on the 

concentration of ChC, for a total concentration of carbonaceous nanostructures (MWCNTs and ChC) of 
10 wt% in SF. d) Dependence of the relative change in resistance of the SF/MWCNTs/ChC thread on its 
stretching and relaxation. e) Rapid elastic response (~30ms) of the SF/MWCNTs/ChC thread upon the 

sudden application of a strain = 100%. f) Resistance of the SF/MWCNTs/ChC thread to the application 

of 2,500 loading and unloading cycles (= 100%). 

 

4.3.3 Working Principle of Flexible and Stretchable OSCs 

OSCs sewn on the surface of conventional textiles can be used to wirelessly power wearable 

electronics and e-textiles through a magnetic resonant coupling (MRC) circuit, as shown in Figure 

4.18a. The inductive coupling between the OSC and an external primary coil enables efficient 

wireless power transfer (WPT) when the two coils are in resonance 161. We selected the values of 
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the capacitors in the MRC circuits of both the primary coil and the OSC so that, for a known load 

(ZL) applied to the OSC, the primary coil and the OSC are in resonance at the desired frequency 

of operation (5.2 MHz). The resonance between the coils greatly increases coupling and power 

transfer efficiency since MRC resonators exchange energy at a much higher rate than they dissipate 

due to internal damping 171. The stretchability of the conductive SF/MWCNTs/ChC thread and the 

serpentine pattern of OSCs make OSC-powered e-textiles easily bendable (bending radius of 

curvature = ~2 mm, comparable to the thickness of the substrate textile), twistable (Figure 4.8) 

and omnidirectionally stretchable (for strains up to  = 100%, see Figure 4.18b), and hence do not 

constraint the motions of the wearer or compromise user’s comfort. 

The omniphobic character of OSC-powered e-textiles allow them to operate even when 

fully immerged in water (Figure 4.18c), protecting the embedded electronics from short circuits 

and the eventual corrosion caused by sweating, washing cycles, or accidental spills. Moreover, 

after more than 100 cleaning cycles consisting of immersion in water followed by drying (wiping 

the textile with an absorbent paper sheet; Figure 4.18d), the apparent static contact angle of water 

on omniphobic OSC-powered e-textiles remains unaffected, 2H O

app  = 155°.  
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Figure 4.18 Stretchability and water repellency of OSC-powered omniphobic e-textiles.   

a) Schematic diagram showing the MRC circuitry used to power e-textiles using OSCs. 

b) Operation of a 4-cm diameter OSC subjected to strains up to 100% in multiple directions (LEDs 

are on in all pictures) Inset shows a picture of the back of the textile showing the SMD electronic 

components, which weigh ~0.3g, and occupy an area of ~18 mm2. c) Wireless operation of OSC-

based e-textiles while submerged in water. d) Easy cleaning of OSC-based e-textiles by bringing 

them into contact with a sheet of absorbent paper. 

4.3.4 Electrical Characterization of OSCs  

We studied the frequency-dependent WPT characteristics of OSCs in air, under water, and 

subjected to varying mechanical strains. We measured the scattering parameter S11 (reflection 

coefficient) at the primary coil side, from which, for low interconnect losses, the WPT efficiency 

(|S21|2) may be approximated as  
 2

111 | | 100%S   
 (Figure 4.10, Figure 4.11). Thanks to the 

omniphobic functionalization, OSCs can operate during prolonged immersion in water (~24 h), 

without shifting their resonance frequency (Figure 4.19a). Furthermore, since we use magnetic 

resonance (inductive) coupling to wirelessly power the OSCs, their performance is not degraded 

during underwater operation due to the weak diamagnetism of water (relative permeability µ/µ0 = 

0.999992; where µ0 = 4π×10-7 H/m). Figure 4.19b shows the enhancement of WPT efficiency 

enabled by the addition of an impedance matching circuit of capacitors (Figure 4.8) as determined 

from bandpass filter theory [43]. When subjected to mechanical strains, the resonant frequency of 

OSCs undergoes a blue-shift (towards higher frequencies) due to the distortion of the coil shape 

(Figure 4.19c). Nevertheless, the reduction in WPT efficiency is less than 30% even at significant 
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uniaxial strains ( =50%), whereas the maximum longitudinal strain that human skin can sustain 

is ~30% 155. The highest WPT efficiency (~40%) is observed at small positive uniaxial strains ( 

~10%), rather than in unstrained OSCs (Figure 4.19d), since the serpentine sewn pattern of the 

OSC thread is completely unfurled at such strains. For reference, the maximum shear strain that 

the human skin can sustain is ~11% 154. At successively higher uniaxial strains, however, the WPT 

efficiency drops due to the asymmetric distortion of the OSCs. Nevertheless, the OSC is 

electromechanically robust enough to operate with at least 65% of the maximum achievable WPT 

efficiency in a broad region of the strain-frequency landscape (region enclosed by the red dotted 

line in Figure 4.18d) up to  = ~70% and within a 4.5–8 MHz frequency range, which includes 

the 6.78 MHz center frequency of the Industrial Scientific and Medical (ISM) band. 

 

 

Figure 4.19 Electrical Characterization of the WPT performance of OSC-based e-textiles.   

a) Frequency-dependence of the reflectance, |S11|2, of an OSC with a resonant frequency f0= 5.2 
MHz, in air and under water. b) WPT efficiency of OSC before and after their connection to an 

impedance matching circuit. These measurements are taken at 0% strain, with an input power of 
1W at the primary coil. c) Reflectance characteristics, |S11|2, of the OSC under different 

strains. d) Contour plot showing the dependence of the WPT efficiency () of the OSC on the 
applied strain and operating frequency. The region enclosed by the red dotted line indicates a 

regime where the WPT efficiency is within 65% of its maximum possible. 
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4.3.5 Battery-free, Wirelessly-powered, Photoplethysmography Wristband 

We developed a stretchable (one size fits all) OSC-powered photoplethysmography (PPG) 

wristband that can be wirelessly paired with cellphones, tablets, laptops, or desktop computers via 

Bluetooth (Figure 4.20). This PPG wristband comprises a miniaturized reverse-mounted green 

SMD LED, which illuminates the skin of the user, and a photodetector collecting the reflected 

light. The amount of reflected light is proportional to the volume of blood circulating under the 

skin of the user. Therefore, by continuously collecting the reflected light, it is possible to identify 

different cardiac phases and associated parameters noninvasively (Figure 4.20a and b; Figure 

4.14, Figure 4.15) 172. The OSC sewn on the wristband (Figure 4.20c) powers, via WPT, the low-

power microcontroller and Bluetooth chip integrated on this wearable device, which wirelessly 

transmits the collected PPG signals to the paired device in real time. By mounting the LED on the 

back of the flexible PCB of this wearable, we avoided its direct contact with the skin of the user, 

minimizing the experimental noise generated during the motion of the wearer. This setup decreases 

noise generated by the friction of the LED and the user’s skin, allowing the wristband-PPG to work 

while the wearer is on movement (Figure 4.20d). The signals recorded with this wearable device 

allow us to distinguish the three critical points of each PPG peak: systolic wave (I), dicrotic notch 

(II), and diastolic peak (III), see inset of Figure 4.20d 172. We also tested the performance of the 

OSC-powered PPG wristband after the device was subjected to 50 washing cycles and 20 usage 

cycles (user wearing it for 5 minutes while running at an average speed of ~9km/h), see Figure 

4.20e. We attribute the stability of the sensing performance of the device to the omniphobic 

behavior of the e-textile, which protects the electronic components from their potential degradation 

during the washing cycles and the prolonged exposure to the sweat of the wearer.  
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Figure 4.20 OSC-powered PPG wristband.  Schematic circuit diagram of the OSC-powered 

PPG wristband. The PPG flexible sensor is interfaced with a miniaturized microcontroller with 

Bluetooth for signal processing and wireless data transmission. b) Schematics of the cross-

section of the PPG wristband. c) Stretchability of the PPG wristband ( =100%, OSC facing up). 

d) PPG signals recorded from a volunteer wearing the PPG wristband while moving their arm. 

The inset shows the characteristic PPG features of one cardiac cycle: systolic peak (I), dicrotic 

notch (II), and diastolic peak (III). e) Signals obtained by the PPG wristband before and after 

enduring 50 washing cycles and 20 usage cycles (while exercising). 

 

4.3.6 Wearable Non-contact Voltage Detection Glove 

The omniphobicity of OSC-powered smart clothing lends itself to potential applications where 

traditional hygroscopic e-textiles, which absorb water when immersed in it, would be rendered 

inoperative (Figure 4.12). As an example, we developed a wirelessly powered glove capable of 

alerting the wearer about the proximity of live voltage even under water (Figure 4.21; Figure 

4.13). This e-textile comprises a miniaturized non-contact voltage detection circuit 173 mounted on 

a glove that is wirelessly powered through an OSC via WPT (Figure 4.21a). A conductive ~1cm2 

pad was embroidered at the index fingertip of the glove using SF/MWCNTs/ChC thread. This 

conductive pad polarizes when it gets in the proximity to any cables connected to a voltage source, 

injecting a small current in the non-contact voltage detection circuit. This current is amplified 

using the power wirelessly received from the OSC sewed at the palm side of the hand (bottom of 

the glove) and used to power an SMD LED mounted at the index fingertip (Figure 4.21b and c). 

The frequency of operation of this OSC-based smart glove at wireless resonance is 5.2MHz, which 
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is within the high transmission band of water, enabling the use of this e-textile under water without 

significant degradation in its non-contact voltage detection performance (Figure 4.21d). 

Due to the miniaturized low-voltage components used on their fabrication, OSC-powered 

e-textiles safely operate under electromagnetic wireless power densities ranging 4.77 to 

12.33 mW/cm2 (see 4.2.4). According to IEEE safety standards for the protection of humans 

against the potential adverse health effects from exposure to non-ionizing electromagnetic fields 

ranging 1–30MHz [54], the maximum power density allowed for WPT applications is 33.2 

mW/cm2. This maximum allowed power density is at least 94% larger than the power densities 

needed for OSC-powered wearables to operate, demonstrating the safety and reliability of these 

silk-based wirelessly powered e-textiles (Table 5).
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Figure 4.21 OSC-powered wearable non-contact voltage detector.  a) Schematic diagram of a 

non-contact voltage detection circuit mounted at the fingertip of a glove and wirelessly powered 

via OSC. b) Bottom and top views of the omniphobic glove showing the OSC sewed on the palm 

side (bottom) and the miniaturized non-contact voltage detection circuit attached to the index 

fingertip (top). c) Non-contact identification of cables connected to voltage using an OSC-

powered omniphobic glove. d) Under water non-contact identification of cables connected to 

voltage using an omniphobic glove wirelessly powered through an OSC.
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4.4 Conclusions 

In summary, this work demonstrates a simple and industrially-scalable 174,175 method to fabricate 

omniphobic silk-based coils (OSCs) which are easily integrated into conventional textiles by 

sewing and can be used for the continuous wireless powering of wearable electronic devices via 

magnetic resonance coupling. OSCs are highly conductive, lightweight, flexible, and stretchable 

( break ~500%), and can be produced at large scale in a cost-effective manner. The omniphobic 

silanization of e-textiles powered by OSCs protects both the conductive nanomaterials in the coils 

and the flexible circuitry embedded in the textile from humidity-induced short-circuits and 

degradation upon prolonged contact with the wearer’s sweat. Moreover, the omniphobicity of 

OSC-powered e-textiles renders them stain repellent to aqueous solutions and organic liquids with 

surface tensions as low as 27.05 mN/m, without significantly reducing their breathability (air 

permeability >90 mm/s). This omniphobicity makes OSC-powered e-textiles exhibit excellent 

stability in high moisture environments and under mechanical deformations, which confer them 

with a remarkable washing durability (no degradation in performance even after 50 washing cycles, 

AATCC-135 standard machine-washing test). We demonstrated that OSCs can be used as low-

cost and easy to implement power sources for wearable devices and smart clothing through the 

fabrication of a textile wristband-like photoplethysmography battery-free device and a wireless 

non-contact voltage detection glove. We expect that the design and fabrication strategies proposed 

here will accelerate the development and commercialization of fully washable and battery-free 

smart clothing and reusable wearable devices, allowing current technologies to benefit from recent 

advances in wireless power transfer.
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 CONCLUSIONS 

In summary, this PhD dissertation demonstrates versatile, cost-effective, and scalable methods to 

for the design and fabrication of moisture-insensitive, self-powered paper-based devices and 

e-textiles. The cellulose paper, e-textiles, and threads introduced in Chapters 2, 3, and 4 benefit 

from the covalent modifications of their fibrous structure, by spray-deposition of fluoroalkylated 

organosilanes, which confers these devices a remarkable water, oil, and dust repellency. This 

omniphobicity preserves the mechanical properties of the fibers upon contact with aqueous 

solutions and organic liquids with surface tensions as low as 27.05 mN/m and prevents the 

corrosion of the printed electrodes and electronic components mounted on their surface. 

Additionally, the embroidery approach used to assemble RF-TENGs protects both the electronics 

embedded in the textile and the textile from bacterial proliferation, moisture, and over-stretching 

(max = 55%), conferring these RF-e-textiles with excellent stability under mechanical 

deformations and remarkable washing durability after 50 standard machine-washing cycles. 

In Chapter 2, I demonstrate the use of moisture-insensitive and self-powered paper-based 

electronics devices (RF-SPEs) as flexible and wireless human-machine interfaces. RF-SPEs are 

simple to design and rapid to print, at a low cost (<$0.25 per device), by simply exposing cellulose-

based paper to the sequential spray-deposition of fluoroalkylated organosilanes, PTFE, EC, and 

conductive NiNPs. The resulting RF-SPEs are lightweight, flexible, and even foldable. RF-SPEs 

harvest electrostatic energy from the user during user interaction, generating power densities up to 

300 µW/cm2, which enables their use as wireless and battery-free human-machine interfaces. I 

envision that the simplicity, low material cost, and compatibility with large-scale manufacturing 

processes of the proposed fabrication method to create RF-SPEs will pave the way towards the 

cost-effective fabrication of self-powered paper-based electronics and the ubiquitous integration 

of human-machine interfaces. 

Across Chapter 3, I developed a simple and scalable method to transform conventional 

garments or textiles into omniphobic and self-powered e-textiles capable of powering embedded 

electronic systems using the electrostatic energy generated by the natural motions of the wearer. 

These e-textiles harvest biomechanical energy using omniphobic, fabric-based, triboelectric 

nanogenerators (RF-TENGs) fabricated, at a low cost (<0.04$/cm2), by combining textile-mounted 
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electronics with embroidery and the spray-based deposition of silanizing agents, highly networked 

AgNFs, and a conformable PTFE encapsulating solution. The resulting RF-TENGs are lightweight, 

flexible, breathable (air permeability 90.5 mm/s), and can generate high output power densities 

(~600 µW/cm2). Finally, the combination in the same textile of several RF-TENGs, some serving 

as biomechanical energy transducers and some as tactile sensors, enables the creation of 

battery-free e-textiles controlled by the wearer. I envision that the versatility of the proposed 

fabrication method to create omniphobic e-textiles and its compatibility with large-scale 

production processes, such as spray deposition, will pave the way toward the cost-effective 

manufacturing of robust e-textiles and wearable human-machine interfaces for emerging 

applications. 

Finally, in Chapter 4, I used a conductive silk-based thread to demonstrate a simple and 

industrially-scalable method to fabricate omniphobic silk-based coils (OSCs) which are easily 

integrated into conventional textiles by sewing and can be used for the continuous wireless 

powering of wearable electronic devices via magnetic resonance coupling. OSCs are highly 

conductive, lightweight, flexible, and stretchable ( break ~500%), and can be produced at large scale 

in a cost-effective manner. I demonstrated that OSCs can be used as low-cost and easy to 

implement power sources for wearable devices and smart clothing through the fabrication of a 

textile wristband-like photoplethysmography battery-free device and a wireless non-contact 

voltage detection glove. 

The technologies developed during this PhD will contribute to the development of new 

wearable devices and human-machine interfaces. As an example, the self-powered paper-based 

touch-pads presented in Chapter 2 could give readers the opportunity to send information from 

printed books, pamphlet, and catalogues to their phones via Bluetooth. Similarly, the self-powered 

e-textiles described in Chapter 3, when complemented with efficient machine learning methods, 

would be able to predict the fatigue of the user, alert about incorrect ergonomics at work, and 

provide the wearers with a full-body interface to communicate with machines via gesture and 

posture recognition. Additionally, the wireless OSC-based interfaces developed in Chapter 4 could 

help to significantly reduce the wiring connecting patients at the hospital with their monitoring 

equipment. Future studies on the usability of these wearable devices and human-machine 

interfaces would lead to design improvements that would enhance the practicality, safety, and 
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comfort of these devices, expanding the adoption of this technology. Finally, I expect that the 

design and fabrication strategies proposed here will accelerate the development and 

commercialization of low-cost paper-based electronics and fully washable and battery-free smart 

clothing and reusable wearable devices, allowing current technologies to benefit from recent 

advances in self-power and wireless power transfer technologies. 
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